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THE UNSATURATION OF BUTADIENE RUBBERS 
I * 


A. A. VASIL’EV 


Aut-Union Rep BANNER OF LaBor 8S. V. LeBpEvV ScrentiFic RESEARCH INSTITUTE 


The unsaturation of rubbers is most frequently determined by utilizing 
their reaction with halogens. Other methods, for example, those based on 
reactions with dithiocyanogen! and with nitrobenzene’, and methods based on 
oxidation’, are not always reliable, or else are less convenient. 

Kemp’s method, which is usually employed to determine the unsaturation 
of natural rubber, is based on the use of iodine chloride dissolved in glacial 
acetic acid‘, According to Kemp’s data, solutions of bromine or of iodine 
bromide are unsuitable for this purpose, since the reaction with bromine is 
accompanied by intensive substitution, while the reaction with iodine bromide 
proceeds but slowly and does not reach completion®. More successful use of 
iodine bromide, under somewhat modified conditions, was made by Gorgas in 
his investigation of crude rubber‘. 

Pummerer likewise used iodine chloride for the quantitative determination 
of double bonds in the natural rubber molecule’. Pummerer’s method makes it 
possible to obtain a quantitative estimate of the substitution reaction, and this 
is its advantage, whereas it is inferior to Kemp’s method in other respects. 

The unsaturation of synthetic rubbers was determined by Cheyney and 
Kelley®. Using Kemp’s method, these authors established that the reaction 
proceeds considerably more slowly with synthetic than with natural rubbers, 
and that the iodine numbers obtained are lower than those theoretically calcu- 
lated (about 85-90 per cent). This fact is explained by the authors as due 
to the presence of connecting bridges between the molecules of these rubbers 
(butadiene and butadiene-styrene copolymers), or else to cyclization (buta- 
diene-acrylonitrile copolymers). Attempts to estimate the extent of substitution 
during these determinations were not crowned with success. Similar results 
are reported by Medvedchuk and his collaborators in the case of a sodium- 
butadiene polymer obtained by the rod method?®. 

Subsequently, Kemp and Peters dissolved samples of synthetic rubbers 
in p-dichlorobenzene and obtained results which were closer to those theoreti- 
cally calculated!®. However, the high temperature employed by these authors 
in the preparation of their solutions, as well as the presence of substitution 
(which they did not determine quantitatively), make it necessary to approach 
these data with certain reservations. 

Rehner tested various methods of determining unsaturation as applied to 
Butyl rubbers. The highest values were obtained by determining unsatura- 
tion with the aid of halogens, more specifically by the method of Kemp-Wijs". 
In the author’s opinion, this is due to the accompanying substitution reaction ; 
however, he, too, failed to carry out a quantitative estimation of the extent 
of this reaction. 

* Translated for RusBER CEHMISTRY AND TECHNOLOGY by Alexander Bogrow, Science Translation 


Service, Cambridge, Mass., from the Zhurnal Obshchet Khimii (Journal of General Chemistry (USSR)), 
Vol. 17, No. 5, pages 923-928 (1947). 287 
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In evaluating the data obtained, the substitution reaction is frequently of 
decisive significance; in the investigations enumerated above, however, ade- 
quate attention is not always devoted to this phenomenon; in fact, it is totally 
ignored by some of the authors mentioned. 

The extent of the substitution reaction is usually estimated on the basis of 
the quantity of hydrogen halide formed. In many cases, however, such meas- 
urements do not reflect the true conditions, since the formation of hydrogen 
halide may be caused by reactions other than substitution. It is known that, 
under the conditions employed in the determination, hydrogen halide may also 
be obtained by cleavage, with renewed formation of the double bond, or else 
as a result of hydrolysis, or, finally, as a result of cyclization; the probability 
of such reactions has been discussed repeatedly by various authors’. There 
can be no doubt that, in such cases, a correction introduced on the basis of 
measurements of the acid formed necessarily leads to erroneous conclusions. 

Since it is very difficult to establish the existence and extent of each of the 
possible side reactions separately, it follows that the very fact that hydrogen 
halide is formed must be considered as an undesirable phenomenon, which 
makes doubtful the reliability of the results obtained. On the other hand, the 
absence of hydrogen halide in the reaction products bears witness to the 
absence of side reactions, and can serve as a criterion of the correctness and 
reliability of the determination. 

From this point of view, the methods of Pummerer and Kemp cannot be 
considered satisfactory, at least when applied to butadiene rubbers; the former 
fails because of the formation of hydrogen halide during the reaction, while the 
latter is unsatisfactory because of the impossibility of estimating the quantity 
of acid formed. 


CHOICE OF CONDITIONS FOR DETERMINING UNSATURATION 
OF BUTADIENE RUBBERS. 


As a result of the present investigation, it was established that the reaction 
between butadiene rubbers and iodine bromide is not accompanied by side 
reactions if carbon tetrachloride is employed as a solvent. From Table 1, 
which summarizes the results of some of the experiments, it is evident that no 
formation of hydrogen halide is observed, in spite of wide variations in the 
quantity of reagent and in the reaction time. The reaction is completed in the 
course of 30 minutes, the quantity of reagent necessary being no less than 250- 
300 per cent of that theoretically required. 

The nature of the solvent exerts a substantial effect on the development of 
side reactions. On substituting chloroform for carbon tetrachloride, a certain 
quantity of hydrogen halide is detected in the reaction products; the quantity 
of acid increases considerably if dichloroethane is used, and increases still 
further if tetrachloroethane is used as a solvent. The latter, in contrast to the 
other solvents, readily dissolves the reaction product formed; but in all other 
cases, as soon as the rubber solution and the reagent solution are combined, 
there is observed the separation of a fluocculent precipitate, which, however, 
does not prevent the reaction from proceeding to completion. 

The last experiments in Table 1 show that irradiation with sunlight and 
with ultraviolet light during the reaction did not result in an increase of the 
quantity of halogen added, and that only a slight catalytic effect was produced 
by such treatment on the processes leading to the liberation of hydrogen halide. 
In this connection, it is interesting to note that, whereas in the former case, 
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UNSATURATION OF BUTADIENE RUBBER 


TABLE 1 


EFrect oF VARYING REACTION CONDITIONS ON THE RESULTS OF 
UNSATURATION DETERMINATIONS 


Conditions Unsaturation (in %) 
= A. 





‘ 


quemy “Corrected Uncorrected 
rs) 


reagent or or 
Rubber (% of Reaction hydrogen hydrogen 
(type) Solvent theory) (time) halide* halide 
CCl, 155 30 min. 
= CCl, 270 30 min. 
SKB-M CCh 1450 30 min. 
CCk 320 3 hrs. 


CChk 300 30 min 
Rod polymerized C.H2Chk 280 30 min. 52.5 
ped wo: C:H,Cle 270 30 min. 64.7 
CHCl; 290 30 min. 86.6 


7 CCL 270 30 min. — 
OCICS : CCl, 260 3 hrs.** 85.7 
sodium-butadiene CCl, 250 30 min.*** 80.8 

* A dash (—) indicates that no hydrogen halide was detected in these experiments. 


** Reaction conducted in sunlight. _ me 
*** Reaction conducted under ultraviolet radiation. 


EGR BHR! 


i.e., during irradiation with sunlight, the formation of acid was brought about 
mainly by a substitution reaction, it would appear that no substitution reaction 
at all occurred in the case of irradiation with ultraviolet light, in spite of the 
presence of appreciable quantities of hydrogen halide. 

As for the data obtained in experiments conducted with different solvents 
(dichloroethane and tetrachloroethane), they make it possible to conclude that, 
in these cases, the formation of acid resulted from the simultaneous occurrence 
of several side reactions, including substitution reactions. 

These examples emphasize once more that only the absence of hydrogen 
halide in the reaction products can give assurance of reliability of the results 
obtained. 


DETERMINATION OF UNSATURATION OF VARIOUS 
SYNTHETIC RUBBERS 


Table 2 presents unsaturation values obtained with the aid of iodine 
bromide for various butadiene and synthetic isoprene rubbers, as well as for 
natural rubber and for some samples of Butyl rubber. 

All samples of butadiene rubbers tested had an unsaturation ranging from 
82 to 90 per cent on that theoretically calculated ; thus, the method of prepara- 
tion of these rubbers has no appreciable effect on their unsaturation. 

The unsaturation values obtained for synthetic isoprene rubbers run higher 
than 100 per cent (102-107 per cent) ; those obtained for natural rubbers coin- 
cide rather closely with the calculated values (97.8-99.5 per cent) if no account 
is taken of the hydrogen halide formed. The reaction between isoprene rub- 
bers and iodine bromide is always accompanied by the evolution of hydrogen 
halide; consequently the present method is inconvenient for operation with 
these rubbers. The reaction with iodine bromide can be employed also to de- 
termine the unsaturation of Butyl rubbers. In this case, too, in spite of the 
presence of only insignificant admixtures of isoprene links (in the isobutylene- 
isoprene polymer), the formation of hydrogen halide was observed. 
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TABLE 2 
RESULTS OF UNSATURATION DETERMINATIONS FOR VARIOUS RUBBERs * 


Unsaturation (in %) 


Corrected Uncorrected 
for hydrogen for hydrogen 
Rubber type halide halide 
From butadiene 

Rod-polymerized sodium-butadiene 87.0 
Rod-polymerized potassium-butadiene 87.9 
SKB-Ms — 90.4 
Rodless sodium-butadiene — 85.1 
SKB-M - 86.4 
2mulsion-polymerized DAB-II —- 82.3 
‘mulsion-polymerized G-54 — 87.6 
Emulsion-polymerized with hydroperoxide 88.5 
Obtained by homogeneous polymerization — 89.1 


From isoprene : 
Rod-polymerized sodium-isoprene 102.4 
SKB-IM 5. 104.5 


. 


Emulsion-polymerized e. 106.9 


Natural 
Pale crepe 
Smoked sheet 


Butyl rubbers 
Isobutylene-isoprene 
Isobutylene-piperylene 
Isobutylene-butadiene 


Polyisobutylene, Vistanex, and Oppanol 


* The data cited are confirmed by check determinations. 


The property of rubbers containing isoprene links of producing hydrogen 
halide under the conditions indicated above, is a characteristic peculiarity of 
such rubbers, and can be utilized as a qualitative test to distinguish between 
butadiene and isoprene rubbers, as well as to indicate the presence of isoprene 
links in mixed polymers. 

Table 3 shows the reproducibility of the results obtained in determining 
unsaturation in different samples of one and the same type of rubber. 

Samples of rubbers prepared by one and the same method differ but little 
in their unsaturation. As for the spread between check determinations with 
one and the same sample, it does not exceed 1 per cent (absolute). 





TABLE 3 
REPRODUCIBILITY OF RESULTS OF DETERMINATION 


Rod-polymerized Rodless sodium- 

sodium-butadiene butadiene SKB-M 
Rubber type A ——, A A 
Sample no. 1 2 1 


Iodine number: 


First determination 395 409 396 
Second determination 390 400 





2 


Unsaturation (in %): 
First determination h g : 4.2 
Second determination i 








UNSATURATION OF BUTADIENE RUBBER 


EXPERIMENTAL PART 


The iodine bromide solution (Hanus solution) was prepared by dissolving 
13 grams of sublimed iodine in one liter of dry pure carbon tetrachloride ; 
thereupon, an equivalent quantity of purified bromine was added to the iodine 
solution. If the solution is prepared correctly, the titer of the iodine bromide 
solution is somewhat smaller than twice the titer of the original iodine solution" ; 
otherwise, the excess of bromine may cause the occurrence of undesirable side 
reactions. The solution was stored in a drak bottle provided with a ground- 
glass stopper; no changes in the titer of the solution were detected in one 
month. 

The reaction was carried out in a ground-glass stoppered 500-cc. Erlen- 
meyer flask; the ground-glass stopper was sealed to a glass stopcock, which, in 
turn, was connected to a 50-ce. thistle tube. The determination was carried 
out with a rubber sample weighing about 0.1 gram. 

In view of the heterogeneity of rubbers frequently encountered, the correct 
selection of so small a sample involves certain difficulties, and may affect the 
precision of the determination ; for this reason, there was prepared, to start with, 
a solution containing about 1 gram of rubber (weighed with a precision of 
+0.0001 gram) in 100 ec. of carbon tetrachloride. Ten ec. of this solution were 
measured out, and the precise weight of the sample used for the determination 
was established by weighing both portions of the solution. The smaller por- 
tion was then diluted with 30 ec. of carbon tetrachloride, and 50 ce. of the 
iodine bromide solution were added (from a burette); this constitutes about 
270 per cent of the theoretically required quantity for butadiene rubbers, or 
about 340 per cent for isoprene rubbers. This operation was accompanied by 
the immediate precipitation of the reaction product. 

The ground-glass joint of the flask was moistened with 2 or 3 drops of 
potassium iodide solution (to prevent losses), and the closed flask was allowed 
to stand in darkness, at room temperature, for a period of 30 minutes. There- 
upon, 100 ce. of distilled water was added (a part of this quantity was first 
sucked in through the thistle tube while the flask was cooled with ice water) ; 
this was followed by 30 cc. of 10 per cent potassium iodide solution; and the 
content of the flask was rapidly titrated with a decinormal solution of sodium 
thiosulfate, and 5 cc. of a 5 per cent starch solution was added toward the end 
of the titration. During titration, especially toward the end, the flask must be 
very vigorously shaken after being closed with a cork. To destroy the emul- 
sion which may be formed during this operation, it is useful to add 20-25 cc. of 
alcohol, as reeommended by Pummerer. 

Upon completion of the titration, 4 cc. of a 4 per cent solution of potassium 
iodate was added. If this resulted in the reappearance of a blue color, the 
titration was resumed and continued until the solution became colorless; if, 
on the other hand, no color appeared, this served to indicate the absence of 
hydrogen halide. 

The quantity of halogen taking part in the reaction was determined by 
comparison with a control experiment, which was carried out under the same 
conditions, using the same quantities of solvent and reagent. 

The unsaturation was calculated as the percentage ratio of the experiment- 
ally determined iodine number to the theoretically calculated value. In this 
connection, the theoretical iodine number for butadiene rubbers may be 
rounded off to 470, and that for isoprene rubbers to 373. This simplification 
exerts no substantial effect on the results of the calculation, and the resulting 
error does not exceed the limits of precision of the method. 
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In calculating the unsaturation values “corrected for hydrogen halide”, 
the quantity of added halogen was determined by subtracting from the total 
quantity of halogen consumed twice the quantity of halogen detected in the 
form of acid. Such a calculation rests on a nominal basis, since, in this manner, 
all the acid that is found is assumed to have been formed by a substitution 
reaction, which, as already mentioned, does not always correspond to reality, 

To determine the unsaturation of Butyl rubbers, the weight of the sample 
may be increased to 0.5 gram, and the reaction time may be reduced to 15 
minutes; in this connection, the quantity of reagent must be no less than ten 
times theoretical. The unsaturation of Butyl rubbers was expressed as the 
percentage ratio of the experimentally determined iodine number to the iodine 
number of natural rubber. 

The rubber samples employed in the investigation were prepared both 
under laboratory conditions and in pilot-plant units, as well as in full-scale 
plant equipment (production batches). For making available some of the 
samples, the author would like to express his gratitude to the following scien- 
tific workers of the All-Union Scientific Research Institute of Synthetic Rubber: 
M. A. Krupyshev, I. V. Rokityanskii, B. A. Matusov, and I. A. Livshits. 


CONCLUSIONS 


1. The reaction with iodine bromide in carbon tetrachloride solution repre- 
sents a convenient method for determining the unsaturation of butadiene rub- 
bers. The advantage of this method lies in the fact that the addition re- 
action is not accompanied by side reactions. This fact is confirmed by the 
absence of hydrogen halide, which can easily be determined by the usual 
methods, from the reaction products. 

2. In contrast to butadiene rubbers, natural and synthetic isoprene rubbers 
produce copious quantities of hydrogen halide when allowed to react with 
iodine bromide under the same conditions. This property of natural and 
synthetic isoprene rubbers is a characteristic peculiarity of these rubbers and 
can be utilized for the qualitative detection of isoprene links in polymers under 
investigation. 

3. The unsaturation of butadiene rubbers, as determined with the aid of 
the reaction with iodine bromide, is 85-90 per cent of the theoretically calcu- 
lated value. The method by which these rubbers have been produced exerts 
no material effect on their unsaturation. 
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UNSATURATION OF BUTADIENE RUBBER 


II 


It is well known that, in a number of cases, the rate and completeness of a 
reaction with halogens is a function of the structure of the unsaturated organic 
compound. Whereas, with some of the latter, the reaction proceeds rapidly 
and quantitatively, others add the necessary quantity of halogen only with 
great difficulty, and sometimes the reaction does not reach completion at all, 
but stops at one or another level of saturation; in this connection, it frequently 
happens that different methods of determination lead to different results. 

Difficulties arise most frequently in the presence of a conjugated system of 
double bonds. 


TABLE 1 


DETERMINATION OF UNSATURATION OF SOME HYDROCARBONS WITH THE 
Arp oF IopINE BROMIDE 


Unsaturation (in %) 
— ' 





/ ‘ 
Quantity of ; Corrected Uncorrected 
reagent (% Reaction for hydrogen for hydrogen 
Name of hydrocarbon of theory) time halide* halide* 


Isobutylene 155 30 min. a= 99.5 
Styrene 215 30 min. 100.8 


Butadiene dimer 
(ethenyl-1-cyclohexene-3) 255 30 min. -- 97.9 


= hie {160 30 min. 79.2 
Dicyclopentadiene \225 30 min. 110.1 


Alloocimene (2,6-dimethyl- 1300 30 min. 


octatriene-2,4,6) 500 24 hrs. 


150 30 min. 

wee 300 30 min. 
Isoprene 800 168 hrs. 

690 15 days 


145 30 min. 
Butadiene ro on “mg 
675 15 days 


* A dash (—) in this column (as well as in the corresponding columns of the subsequent tables) indi- 
cates that no hydrogen halide was detected in the reaction products. 


Some compounds which are difficult to halogenate can still be fully saturated 
if a large excess of reagent is employed or if the reaction time is lengthened. 
For such substances, it is recommended to employ special methods of de- 
termination, most of which are suitable only for the given substance or group 
of substances, and which represent various modifications of the methods of 
Wijs, Hanus, or MclIlhenny. In this connection, there have also been pro- 
posed such terms as ‘‘diene number’, “apparent” iodine number, “long and 
rapid” iodine number, ‘‘total and partial” iodine number, etc.!. 

Table 1 presents data which illustrate the above-mentioned facts as exem- 
plified by the reaction between some hydrocarbons and iodine bromide. 

In the case of isobutylene, styrene, and butadiene dimer, the addition 
reaction proceeds smoothly and quantitatively. In the case of dicyclopenta- 
diene and alloocimene, the reaction is accompanied by side-reactions and by the 
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evolution of considerable quantities of hydrogen halide; it is evident that, in 
this case, it is very difficult to estimate the quantity of halogen added. Finally, 
in the case of butadiene and isoprene, the reaction under the usual conditions 
stops after the fixation of only one of the double bonds; as for the subsequent 
addition of halogen, it takes place with great difficulty and only in the presence 
of a large excess of reagent and if the reaction time is prolonged to an extreme 
extent. 

It was shown in the preceding communication? that a convenient method 
for determining the unsaturation of butadiene rubbers is offered by the reac- 
tion with iodine bromide in carbon tetrachloride solution. With the aid of this 
method, it was found that the unsaturation of butadiene rubbers, unlike that 
of natural and synthetic isoprene rubbers, is considerably lower than the 
theoretically calculated value and constitutes about 85-90 per cent of the 
latter. 


TABLE 2 


Errect oF VERY PROLONGED REACTION WITH IODINE BROMIDE ON RESULTS 
OF UNSATURATION DETERMINATIONS OF RUBBERS 


Unsaturation (in “%) 
A 





Quantity of Corrected Uncorrected 
reagent (% Reaction for hydrogen for hydrogen 
Type of rubber of theory) time 1alide ralide 
(770 7 days — 95.7 
ee . 710 10 days —- 103.2 
Rodless sodium-butadiene ino 15 days 1124 1151 


710 25 days 111.1 


Rod-polymerized {270 8 days 90.4 98.7 
sodium-butadiene \295 25 days 90.4 103.2 


[Fo 8 days 100.6 
270 25 days 106.2 107.4 
(840 25 days —= 126.8 
SKB-IM (Isoprene) 670 25 days 72.6 266.5 


Pale crepe 660 25 days 36.8 221.5 


SKB-M 


It is possible to make two assumptions to explain this circumstance. On 
the one hand, the missing double bonds may, in fact, be absent, having been 
consumed to interlink the molecules (bridges) or to produce cyclization; on the 
other hand, this low degree of unsaturation may be merely apparent, being 
brought about by the presence of double bonds which are difficult to halogenate, 
as, for example, in compounds containing a conjugated system of double bonds. 
In the latter case, it would be possible to suppose that various modifications 
of the reaction conditions or the employment of other methods of determina- 
tion might lead to other results, and these might be in better agreement with 
theory. 

It was determined previously that, during the reaction with iodine bromide, 
the use of a large excess of reagent, the lengthening of the reaction time (to as 
much as three hours), and the use of different solvents, as well as the action 
of sunlight and ultraviolet rays, do not increase the quantity of halogen added. 
As concerns the reaction temperature, its rise stimulates the substitution reac- 
tion; but if kept within a narrow range (up to 35° C), this factor, as has been 
shown by experiments, exerts no appreciable effect on the results of the de- 
termination. 
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For this reason, it was only of interest to establish the influence of very 
prolonged reaction times (extending to several days), which are recommended 
in some cases for substances which are very difficult to halogenate. 

As is seen from the data presented in Table 2, when the reaction time is very 
greatly prolonged (to as much as 7-25 days), the quantity of halogen taking 
part in the reaction increases considerably until, toward the end, the unsatura- 
tion values exceed the theoretically calculated values by substantial margins. 
It is possible that such excessive addition of halogen may be brought about by 
an actual rupture of the rubber molecules themselves. 

The results obtained possess great interest’; on the other hand, they do not 
answer the question as to the presence in butadiene rubbers of double bonds 
which are difficult to halogenate or of conjugated double bonds, although 
these possibilities are not contradicted by these results. Moreover, these 
results show that great caution must be used in evaluating methods for de- 
termining unsaturation which propose the employment of long periods of time 
for the reaction between the halogen and the substance subjected to test. 


COMPARATIVE DETERMINATIONS OF UNSATURATION IN RUBBER 
WITH THE AID OF REACTIONS WITH PYRIDINE SULFATE 
DIBROMIDE AND WITH IODINE CHLORIDE 


The unsaturation values for butadiene rubbers obtained previously by the 
iodine bromide method were checked with the aid of the reactions with pyridine 
sulfate dibromide and with iodine chloride. 

The pyridine method requires the use of glacial acetic acid for dissolving 
the reagent, and is consequently affected by the same defect as the method 
proposed by Kemp and Mueller‘, namely, by the difficulty of estimating the 


extent of side reactions. Nevertheless, the results obtained by this method 
are in close agreement with the previously cited values for the unsaturation of 
butadiene rubbers? (Table 3). This numerical order is also confirmed by data 
obtained with the aid of the iodine chloride reaction, on which the method of 


TABLE 3 


COMPARISON OF DIFFERENT METHODS FOR DETERMINING THE 
UNSATURATION OF RUBBER 
Unsaturation (in %) 








Using BrI solution Using CII solution 
A A 








_ e 
Corrected — Uncorrected Corrected Uncorrected 
or Using PyBrse or 
Type of rubber hydrogen halide solution* hydrogen halide 


Rod polymerized f— 83.0 83.4 
sodium-butadiene -~- 84.0 84.2 


Rodless sodium- f[—- 84.2 
butadiene — 85.1 


SKB-M { = re 


{— 87.9 


Rod-polymerized 
— 89.4 88.5 


potassium-butadiene 
SKB-IM (isoprene) 85.5 104.5 92.5 
Pale crepe 78.5 99.5 — 
Smoked sheet 86.3 97.8 


* The formation of hydrogen halide was not checked, 
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Pummerer® is based. However, in operating according to this method, the 
formation of small quantities of hydrogen halide was observed in some cases, 
This phenomenon is apparently unconnected with the nature of the rubber 
monomer, but is caused by certain other factors which it has not been possible 
to define up to the present time. It appears most probable that the phenom- 
enon may be explained by the influence of the solvent employed, which, in 
this case, is chloroform. 

It is also evident from the data in Table 3 that the pyridine sulfate dibromide 
method, after undergoing certain refinements, may be fully applicable to the 
determination of unsaturation in natural rubbers; it possesses a number of 
advantages over the method proposed by Kemp. 


CHANGES IN UNSATURATION OF RUBBERS UNDER THE 
INFLUENCE OF VARIOUS FACTORS 


Subsequently, the influence of various factors on the unsaturation of rubbers 
was investigated, both for the purpose of studying the causes of the lowered 
unsaturation of butadiene rubbers and to check the possibility of estimating 
these changes directly by the reaction with iodine bromide. 


TABLE 4 


CHANGES IN RUBBER UNSATURATION UNDER THE INFLUENCE 
oF Various Factors 


Unsaturation (in %) 
, oe 


Corrected Uncorrected 





Character of preliminary rubber for 
Rubber (type) treatment (in CCl solution) hydrogen halide 


ma de wore {Before treatment — 87.0 
sodium-butadiene \Sunlight for 8 days - 77.8 


Before treatment 
Rodless Sunlight for 8 days 
sodium-butadiene UV rays for 45 min. 
80° C for 3 hrs. (in darkness) 


(Before treatment 
Same, unmilled, Sunlight for 18 days 
no antioxidant Sunlight for 46 days 
added 75° C for 4 hrs. (in darkness) — 
Oxygen through solution for 1.5 hrs. — 


RARSD Sone 


F 


{Before treatment 78. 

|Sunlight for 8 days 78. 6 
‘UV rays for 30 min. 9. 92. 
(75° C for 4 hrs. (in darkness) 80.2 97.1 


RS SESeE Bese 


In view of the fact that most of the preparations go into solution only with 
difficulty or only partially following the various treatments to which they were 
subjected, these treatments were applied to rubber solutions in carbon tetra- 
chloride. No visible changes in the solutions were observed as a result of these 
treatments, with the exception of slight yellowing in the case of some of the 
experiments; moreover, after prolonged irradiation (60 minutes and more) 
with ultraviolet rays, it was possible to observe the separation of polymer in the 
form of a thin film. The results of some of these experiments are presented in 
Table 4. 

The heating of rubbers in solution at 75-80° C for three and four hours 
produces only slight changes in their degree of unsaturation. On the other 
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hand, after irradiation with sunlight for a period of eight days, the unsatura- 
tion is found to be greatly diminished, but in different degrees for the different 
rubbers. Roughly the same effect, but within a much shorter time (45 min- 
utes), is attained by irradiating the rubber solutions with ultraviolet rays. 

Milling (and the addition of antioxidant) has almost no effect on the un- 
saturation of butadiene rubber. (This has also been noted with respect to 
natural rubber‘®.) 

Compared with the solution of milled rubber, the solution of unmilled rubber 
shows considerably higher stability with respect to the action of sunlight. On 
the other hand, on treatment with gaseous oxygen, no changes whatever in 
unsaturation could be observed. Apparently the quantity of oxygen added 
during this process is so small that the sensitivity of the method is insufficient 
to reflect the resulting change in unsaturation. 

Thus, the present investigation shows that, during the reaction between 
butadiene rubbers and halogens, it is impossible to attain saturation higher 
than 85-90 per cent of the theoretical values. 

The supposition voiced by Cheyney and Kelley’, that this circumstance is 
explained by the presence of intermolecular cross-linking and by cyclization, 
can scarcely be considered as providing the only possible reason for the lowered 
degree of unsaturation. The expenditure of so considerable a number of 
double bonds to produce interlinkages would have to be strongly reflected in 
the properties of these rubbers, bringing their properties close to those of vul- 
canized rubbers; such rubbers, therefore, would hardly be suitable for the 
manufacture of rubber products. 

It may be assumed that, along with the existence of intermolecular cross- 
linkages, a certain part of the double bonds is expended on intramolecular 


cyclization; for example, between the two neighboring vinyl groups of buta- 
diene molecules which are connected at the 1,2-position: 


—CH:—CH—CH:—CH — 


The existence of such intramolecular cycles is very probable since it must be 
reflected to a considerably smaller degree in the properties of a rubber than 
the presence of intermolecular cycles and bridges. Moreover, it must also be 
kept in view that the lowered unsaturation may likewise be produced in part 
by the presence in the molecules of these rubbers of double bonds resistant to 
halogenation or of conjugated systems of double bonds. However, it appears 
to be impossible to verify these suppositions experimentally with the aid of a 
reaction with halogens. 


EXPERIMENTAL PART 


The determination of unsaturation by the iodine bromide method was de- 
scribed in the preceding communication’. 
_ In the investigation of hydrocarbons (monomers), carbon tetrachloride was 
used as the solvent. The weighed samples of low-boiling hydrocarbons (iso- 
butylene, butadiene, and isoprene) were confined in ampoules; the samples were 
cooled at the beginning of the reaction, and then the temperature was gradually 
increased until room temperature was attained. 

The solution of pyridine sulfate dibromide was prepared by the method of 
Rosemund and Kuhnhenn®. For convenience in operation, a double-strength 
solution was prepared; it is possible that this circumstance partially explained 
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the extreme instability of the reagent, whose titer already changed within the 
first few days. In this connection, along with carbon tetrachloride, chloroform 
can also be used for dissolving the rubber. Preliminary experiments showed 
that 30 minutes are enough to complete the reaction, and that the quantity of 
reagent must constitute about 200-240 per cent of that theoretically required: 
the reaction with natural rubber proceeds considerably more rapidly, and js 
completed within three to five minutes. As already mentioned, the presence of 
glacial acetic acid in the capacity of solvent for the reagent makes it impossible, 
in these determinations, to estimate the quantity of hydrogen halide formed. 

The unsaturation determinations with the aid of iodine chloride were 
carried out in accordance with Pummerer’s® directions. The reaction was con- 
ducted for six hours at room temperature (the results of the determination 
remaining unchanged by carrying out the reaction for 12 hours at 0° C), 
The quantity of reagent constituted about 120 per cent of that theoretically 
required; with a larger excess, increased formation of hydrogen halide was 
observed. 

The rubber solutions used for evaluating the effects of sunlight and ultra- 
violet rays and for thermal treatments were prepared in a concentration of 
approximately 0.6 per cent (about one gram of rubber in 100 cc. of carbon 
tetrachloride). The results obtained in these experiments were compared with 
the data of control.experiments, in which the solvent was treated in the same 
manner and under the same conditions. In the majority of cases, when such 
treated rubber samples were subsequently titrated with sodium thiosulfate, the 
formation of rather stable emulsions was observed; the addition of 20 cc. of 
alcohol before titration eliminated this phenomenon to a considerable extent. 


CONCLUSIONS 


1. The data on the unsaturation of butadiene rubbers previously obtained 
by using the method based on the reaction with iodine bromide have been 
checked and confirmed with the aid of the reactions with pyridine sulfate 
dibromide and with iodine chloride. 

2. The influence of various factors on the unsaturation of butadiene rubbers 
has been checked, and the possibility of estimating changes in unsaturation 
with the aid of the reaction with iodine bromide has been established. 

3. The present investigation shows that, during the reaction between 
butadiene rubbers and halogens, it is impossible to attain a degree of saturation 
exceeding 85-90 per cent of the theoretical values. This is apparently due 
to the existence of intramolecular cyclization, to the presence of intermolecular 
connecting bridges, and possibly to the presence of double bonds resistant to 
halogenation or of conjugated double bonds in the molecules of these rubbers. 


The reaction with halogens offers no possibility of confirming these supposi- 
tions experimentally. 
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THE ABNORMAL MELTING OF RAW RUBBER * 


AKIRA ISIHARA 


DEPARTMENT OF Puysics, UNIveRSIry OF Tokyo, JAPAN 


INTRODUCTION 


It is a well known fact that amorphous raw rubber exists in a supercooled 
metastable state, even at relatively low temperatures', and this fact has been 
explained by the present authors, using statistical mechanics*. But Bekkedahl 
and others® have found recently a very peculiar fact with respect to raw rubber 
in this state; that is, not only the time rate of crystallization but also the melt- 
ing range is different according to the temperature at which crystallization 
occurs. They suggest that the reason why the melting points as previously 
determined by various investigators spread widely, and that the B-anomaly of 
Ruheman and Simon‘, and other queer phenomena may have their origin in 
this fact. 

As this phenomenon is so strange, and it seems no explanation has been 
offered as yet, the authors wish to offer some interpretation in the next para- 
graph. In this paper we shall discuss only abnormal melting, because the main 
phenomena of crystallization of supercooled raw rubber seems to be the same 
as in other substances, even if they differ in details. 


THE MELTING OF CRYSTALLIZED RAW RUBBER 


A sample of raw rubber annealed at 55 C is brought quickly to a tempera- 
ture of crystallization (in Figure 1, —32°, —17°, 1°, 8°, and 14° C) and erystal- 
lized ; its specific volume decreases about 2 per cent. When the crystallization 
is completed, the temperature is raised at the rate of about 0.5° C per minute; 
then its specific volume increases first linearly along the straight line charac- 
teristic of the crystalline state® (Figure 1). At about 5 degrees above the crys- 
tallization temperature, it deviates suddenly upward from the straight line. 
Finally when it reaches the upper straight line characteristic of the amorphous 
state, melting comes to an end. 

The points where melting starts and is completed are functions of the tem- 
perature of crystallization, and are independent of the degree of crystallization. 
This relation is shown® in Figure 2. 

The cause of this phenomenon which is perceptible at once is the existence 
of many crystal grains in the crystalline state, whose size and melting points 
differ according to the temperature at which they were formed. 

But this does not seem to be the case because when we cease to raise the 
temperature, recrystallization occurs. This shows that the true thermodynam- 
ical equilibrium state is not the partially melted state but the completely 
crystallized state. Moroever, the experiments of Ruheman and Simon‘ show 
that the B-anomaly, which is clearly associated with this abnormal melting as 
indicated by Wood, is not reproducible. The authors state: ‘“‘In contrast to 
the a-anomaly, the B-anomaly was not strictly reproducible. Depending on 


_. * Reprinted from the Journal of the Physical Society of Japan, Vol. 3, No. 1, pages 19-24, January- 
February 1948. 
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Fic. 1.—Melting of crystallized raw rubber. 


the speed of heating as well as the previous cooling the curve is steeper or 
flatter. Also the energy, that is, the area under the curve, was different in 
different measurements.’ In this connection, it may be noticeable that the 
melting curves in Figure 1 do not resemble the typical S curve of crystallization 
(even if the abscissa is changed), and the melting points of paraffin homologs 
converge about 400° K at relatively low states of polymerization. 
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TEMPERATURE OF CRYSTALLIZATION 


Fic, 2.—The melting range of crystallized raw rubber as a function of the 
temperature of crystallization. 





ABNORMAL MELTING OF RAW RUBBER 


THEORY OF ABNORMAL MELTING 


The first problem concerning the melting phenomena is whether they are 
thermodynamical equilibrium phenomena or rate effects. Bekkedahl states: 
“Jt was found in preliminary experiments that, at a heating rate of 0.5° C per 
minute or less, no observable differences from the equilibrium values of the 
volume could be noted, and there was found to be no evidence of time lag or 
delay in melting of crystals after the establishment of thermal equilibrium. 
For example, at any constant temperature in the melting range, the volume was 
not observed to increase with time. In this range, if the temperature is lowered, 
the volume-temperature relation is observed to be linear and intermediate 
between the amorphous and crystalline volumes. Rubber in the partially 
melted state can, however, undergo additional crystallization, with a resulting 
decrease of volume.”’ 

We cannot deduce under what kind of conditions the preliminary experiment 
was performed, but it is understandable that the true thermodynamical equi- 
librium state is not in the partially melted state but in the crystalline state in 
this range. In the previous paper! the volume-temperature curve of the amor- 
phous state deviates from the straight line at the heating rate of 0.02—0.03° per 
minute at about —25° C, and approaches that of the crystalline state. On the 
other hand, the experiments of Ruheman and Simon show the influence of 
heating rate as stated above. In the experiment of Bekkedahl and others, the 
heating rate seems to be about 0.5° per minute. (The whole time needed to 
cover the 10° C of melting range was about 20-30 minutes.) 

But a high polymer shows relaxation in thermal expansion. For example, 
the relaxation time of polystyrene is about 5 minutes, and the approach to the 
equilibrium value is nearly exponential’. Accordingly the relaxation effect 
must be taken into consideration in the present problem. 

Now amorphous particles or amorphous nuclei in crystalline particles may 
exist, for the kinetic units of crystallization and melting are not molecules 
themselves but “segments”, and here we call them simply particles just as the 
crystalline nuclei in the amorphous particles, and the relaxation times of both 
states must be different; the former may be smaller, as its state resembles that 
of a gas. 

Then if we raise the temperature at a suitable heating rate a, the amorphous 
particles denoted by Ai, Ao, in Figure 3 may expand more rapidly than the other 
crystalline parts C,, C2, C3 and compress at that moment such parts as C2 held 
between A, and A» and will “buckle” them, and consequently melting takes 
place. The force acting there is of course not isotropic pressure. If we keep 
the temperature constant at that point, this scheme of melting stops, and they 
fall into the equilibrium crystalline state. At first, melting may be very 
slow, as the amorphous particles in the crystalline state or the amorphous nuclei 
are very small in number, and therefore recrystallization is comparatively 
predominant over the expansion of volume. But it becomes more extensive 
according as the temperature rises and the number of amorphous particles as 
well as their mobility (in comparison with that of crystalline particles) in- 
crease. But when melting is nearly completed, the stress becomes very small 
again, as the outer surface is free, and the volume approaches asymptotically 
to that of the amorphous state. 

To treat these phenomena quantitatively, we denote by v the average vol- 
ume of an amorphous nucleus at crystallization temperature 7’, and by a its 
thermal expansion coefficient. Then its equilibrium volume at temperature 7 
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Fig. 3.—Schematie representation of amorphous nuclei in crystallized particles. 


is given by (l+a(7’—T-.))vo. But when we raise the temperature at a suitable 
heating rate, its volume does not reach this value when the temperature be- 
comes T. We denote this actual volume by v. Thereafter it approaches the 
above equilibrium value with relaxation time \ nearly exponentially. There- 
fore, the volume-increase 6v after the moment when the temperature reaches 7 
is given by: 

{lL +a(T — T.)vo — o0(T — To} {1 — Ot!) = bv (1) 


Here \ may be represented as follows: 


r= Aoe#@ kT 

For convenience we denote: 
T-T.=fT ) 
dT ( 


dt ) 


Then the differential equation determining the volume-temperoture relation is 
(by expanding exp (—(ét/A))): 


dy_lt+ar 


dr an ~_ an 


(4) 


This equation resembles an ordinary relaxation equation, but not exactly, 
because in this case the final volume continuously changes with temperature 
or with time. 

To integrate this equation we assume that the variation of \ with tempera- 
ture is small compared with that of 7/a, and assume it constant for the moment. 
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Such an approximation may be sufficiently accurate at least when the tempera- 
ture is high enough. As the heating rate is constant, we obtain: 

v = ofl tar — aad(l — e“/™)} (5) 


The meaning of this equation is obvious. 
Then we consider a hole in crystalline particles surrounding these amor- 
phous volumes v as in Figure 4. It expands with relaxation time yu: 


p= pooeZe/*T (6) 











































































































Fic. 4.—Amorphous nucleus and the surrounding crystalline hole. The volume of 
each state is designated by v and va, respectively. 


The equilibrium volume of the hole is attained when its volume reaches that 
of the amorphous nucleus. Then we obtain, as in the case of Equation (4), 
the differential equation determining the volume of the hole: 


d Vh 


If the expansion of the hole is not rapid enough, it may be overcome by 
expansion of the amorphous particles. But in reality melting takes place 
before such events occur. This process of “invasion”? by amorphous particles 
is perhaps a rapid reaction, and it reveals no time lag. We assume that the 
rate is proportional to the difference between the time rates of thermal expan- 
sions of two states, that is: 


dn | Kn @ _& (8) 


dr dt at 


where n is the total number of amorphous particles and A is a proportional 
constant. In this equation it is also assumed that melting becomes more 
effective as the amorphous particles increase. Then to the same approxima- 
tion as in Equation (5), we obtain: 


n = NM. exp | x ( 1 - *) volt — ad(1 — eW"7/®)} (9) 
m 


Here n, is the number of amorphous particles at 7’. 
If\ =yor K = 0, n = n, as naturally expected. 
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Particularly, if 7 is small: 


ar? ar* 
von(1+ ~gapt (10) 


- r T? i 
womgaew{a-2 jal goat) (11) 


The point 7;, where melting starts, can be obtained by equating the second 
derivative of the right hand member of Equation (11) to zero: 


7) = T; — T. = ad (12) 
or 
?;—T,_ 


; 
; (13) 
That is, melting starts when the time interval of observation approaches the 
relaxation time A. In this equation the temperature in the expression of \ 
must be taken to be the mean value of 7, and 7;, but the difference may be 
negligible, even if we take it for T... Then: 
EK 
log (J; — T.) = log ado + kT. (14) 


This relation is shown in Figure 5. 





LT 











39 43 
Yt, x 1073 


Fic. 5.—Relation between the temperature of crystallization and the point where melting starts. 
The circles show the experimental data from Figure 2. 


From this figure we obtain: 
aXo = 5.3 


Accordingly if the heating rate a is 0.5° per minute, 
Ao = 10.6 min. 





(10) 


(11) 
second 
(12) 
(13) 


1es the 
n of X 
nay be 


(14) 
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This value seems to be plausible. Also the activation energy EZ, is found to be 
44k, but this value is not reliable, since it is assumed that the variation of 
with temperature is small. 

It has been reported that the apparent second order transitions of poly- 
styrene’ and other high polymers occur when the time interval of observation 
becomes comparable to the relaxation time*. In this case only one state comes 
into question and only the relation (10) is necessary, and a conclusion an- 
alogous to the above statement can be deduced. 

The point 7’; where melting completes itself is determined by the condition 
that the number of amorphous particles becomes equal to N—the total number 
of particles. In this case the last term of Equation (9) can be neglected, and 
if we put: 


A=K(1-*)o, (17) 
then the temperature is given by: 


N = n. exp [A(t; — ad) ] 

Tf T; — T. (18) 
In these equations, v» is the volume at temperature 7'., but the error is negligible, 
even if it is independent of T’. 

To determine the explicit dependence of 7; on 7, we must determine n, as a 
function of crystallization temperature. This dependence can be obtained as 
follows. 

The amorphous particles or nuclei are oscillating with frequencies different 
from those of crystalline particles surrounding them. For simplicity we take 
the Einstein model for each state and designate the characteristic frequencies 
of the amorphous and crystalline state as v’, and v, respectively. If we denote 
by W the work done to produce an amorphous particle in crystalline state, 
then the partition function Z of the whole system can be written as follows: 


1 1 N! 


Z = e-(nW kt) ; 
(1 — e~@rikT)) =n) (7 — er kT)) 39 DIN — nn)! 





(19) 


From this we can determine the equilibrium value of n as a function of tempera- 
ture by minimizing the free energy calculated from the above equation. If 
the temperature is high we can thus obtain approximately: 


= ye WikT) (20) 


bod 
N 


where 
y = v/v’ 


The amorphous particles increase according to Equation (20) as the temperature 
rises, But when it is raised a definite rate, they do not immediately reach this 
value, especially in such substances as rubber. Because, for the occurrence 
of it, molecules must move as a whole, and this is particularly difficult in high 
polymers. Accordingly, we can express in this case Equation (20) as follows: 


nm = noe WH lkTe) (21) 


where 7 is a constant independent of T.. 
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From Equations (18) and (21) we obtain: 


W l 
be — 


Ww ve 
AkT. ' A= 


T; = Te + ad + (22) 
No 

where A is a function of temperature according to Equation (17), but we 
‘an neglect this variation according to the above assumption. Therefore, 
(T; — T. — ad) vs. 1/T. must be linear (Figure 6). This linearity is in ac. 
cordance with experiment particularly at higher temperatures. The deviation 
at lower temperature is legitimate. As in this case the melting range is very 
wide (cf. Figure 2) and the variation of the relaxation time with temperature is 
great, the above assumption fails. Also the determination of the end point 
itself is rather difficult, owing to recrystallization, and the experimental error 
due to this fact may have some influence on the result. At any rate the theory 
is more accurate at higher temperatures, and the calculated melting curve is 
shown by the heavy curve in Figure 7 as an example. The calculated curve 
represents the experimental one fairly well, although this seems rather un- 
important. 
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lic. 6.—Relation between the crystallization temperature and the point where melting is complete. 
Circles show the experimental data from Figure 2. 


It should be noted that we have determined the end point in a somewhat 
different way compared with the starting point. It was determined from Equa- 
tion (21), and the temperature in this equation represents that which gives the 
equilibrium number of amorphous nuclei. If we crystallize a sample of amor- 
phous rubber at some temperature or stop crystallization at an intermediate 
stage and bring it to another temperature and keep it there for a time interval 
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comparable to the time needed for the first crystallization, then the distribution 
of amorphous nuclei may be a function of both temperatures. In other words 
it has a hysteresis character. Also the starting point itself may become more 
complicated in such a treatment, because the deviation from the equilibrium 
value sets in when the time interval of observation becomes comparable to the 
relaxation time. However, there may be various kinds of relaxation time in the 
‘ase of such a treatment, and “stark rubber” may be such a case. 
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Fic. 7.—Melting curve of the sample erystallized at 8° C. The heavy curve is the theoretical. 





As the last explanation shows, the end point is not merely the point where 
the time interval of observation becomes comparable to the relaxation time of 
hole w, but it is determined by this quantity at any rate, and the melting range 
itself seems to be the domain between the curve \ and u—the shaded part in 
Figure 8. In the figure, the straight line passing through 7. represents the 
time of observation. 

Attention should be drawn also to certain other facts. First, the right 
hand side of Equation (13) does not depend on the degree of crystallization, 
and this is also approximately true for the end-point, in accordance with the 
experimental result. Secondly, if we raise the heating rate, the starting point 
becomes higher and the melting curve itself becomes steeper. Thirdly, if these 
ideas are correct, these phenomena may be more pronounced in raw rubber 
than in vuleanized rubber, as the difference of the two relaxation times and the 
relaxation times themselves in the former may be greater than those in the 
latter. Finally, we should not neglect recrystallization, particularly when the 
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heating rate is very small. When we raise the temperature very slowly, the 
sample may expand merely with the expansion coefficient of crystalline state 
(the effect of amorphous nuclei is very small) and the “invasion” by amorphous 
nuclei does not appear. If the heating rate is very large and the crystalline 
sample is brought as it was to the range in which the state of amorphous rubber 
is more stable than the crystalline, 7.e., to the range above the “true melting 
point”, the sample melts at this point, independently of its crystallization 
temperature. In other words, the phenomena discovered by Bekkedahl take 
place most strikingly at a suitable heating rate. 
It is hoped that these conclusions will be put to experimental tests. 
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Fic. 8.—Physical meaning of the melting range shown in Figure 2. 


ACKNOWLEDGMENT 


In conclusion, we wish to express our hearty thanks to Professor T. Sakai 
for his kind guidance, and also to T. Saito, R. Kikuchi and K. Ichimura for 
their valuable discussion of the present subject. 


SUMMARY 


The experimental results on the abnormal melting of crystallized raw rubber 
by Wood and Bekkedahl are studied theoretically. The effect can be explained 
by the fact that the relaxation time for the thermal expansion of crystalline 
particles differs from that of amorphous particles. At the point where the 
melting begins, the time interval of observation becomes comparable to the 
relaxation time of amorphous particles. The point becomes higher as the 
time rate of heating increases, and also as the relaxation time itself becomes 
larger. The point at which fusion is complete is determined by the relaxation 
times of the amorphous and crystallized states, heating rate, and previous 
history. This effect becomes large at a suitable heating rate, and is larger in 
natural rubber than in vulcanized rubber. 
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STRUCTURAL CHANGES IN RUBBER BROUGHT ABOUT 
BY MOLECULAR OXYGEN. III. PROPERTIES 
OF DISINTEGRATED VULCANIZED 
NATURAL RUBBER* 


B. DoGapkin, Z. TARASOvVA, AND A. PASYNSKII 


Lomonosov InstTITUTE OF FinE CHEMICAL TECHNOLOGY, Moscow, U. S. S. R. 


In the preceding communication’, the process of dissolution of vulcanized 
rubber on heating it in hydrocarbon media in the presence of molecular oxygen 
was described. This process was considered to be a result of oxidation and 
disintegration of molecular chains in the spatial structure of the vulcanizate; 
in other words, it was interpreted by us as a process of destructive solution. 
The properties of disintegrated vulcanized rubber are described below, with 
particular reference to the properties of the resulting solutions, which, in our 
opinion, represent a special class of colloidal systems. 


1, CHEMICAL CHARACTERISTICS 


The process of disintegration of a vulcanized rubber film in acid as previously 
described gives a light yellow opalescent solution. On standing, this solution 
precipitates a fine sediment, which consists mainly of zine oxide originally in 
the vulcanizate. If the concentration of the supernatant clear solution is not 
less than 1.5 per cent, the action of acetone on it results in the separation of 
about 70 per cent of the substance in the form of a sticky mass, which, after 
being dried in vacuo at 20° C, is completely soluble in all ordinary rubber sol- 
vents. The combined sulfur content of the product separated by acetone con- 
stitutes 1.98 per cent, which corresponds precisely to the combined sulfur con- 
tent of the original vulcanizate. The coincidence between the data which 
characterize the combined sulfur content in the original vulcanizate and in its 
disintegration products may serve as a direct indication of the fact that com- 
bined sulfur plays an essential part in the molecular structure of vulcanized 
rubber and is distributed in the latter with great uniformity. 

The oxygen content of the disintegration product separated by acetone 
was determined by burning the product, mixed with carbon black, in a current 
of nitrogen’. It constitutes about 50 mg. per gram of substance. Of this 
quantity, 3.77 mg. falls to the share of oxygen contained in free carboxyl groups 
(the acid number of the dispersed product being 6.6). Thus, each carboxyl 
group in the disintegrated vulcanizate is associated with a hydrocarbon residue, 
the molecular weight of which is about 8000. 

The presence of a large number of polar groups containing oxygen and the 
relatively low molecular weights of the disintegration products of the vulcan- 
izate explain why, in addition to the usual rubber solvents, these products are 
fairly readily soluble in binary solvent media containing associated liquids 
(benzene-alcohol mixtures). The acetone extract of the vacuum-dried product 
constitutes 53 per cent. 

* Translated for RuBBER CHEMISTRY AND TECHNOLOGY by Alexander Bogrow, Science Translation 


Service, Cambridge, from the Zhurnal Obshchet Khimii (Journal of General Chemistry), Vol. 17, No. 12, 
pages 2222-2227 (1947). 3 
10 





\ 


poss: 


solu 
trati 


whe! 
cist 
tion 
chlo 
vise 
met: 
equi 


OXIDATION OF VULCANIZED RUBBER IN SOLUTION 


2. VISCOSITY AND LIGHT DIFFUSION OF SOLUTIONS 
OF DISINTEGRATED VULCANIZED RUBBER 


Viscosity was measured with the aid of a Scarp viscometer’, with which it is 
possible to use insignificant quantities of the liquid being examined. 

In contrast to unvulcanized rubber, the viscosity of disintegrated-vulcanizate 
solutions obeys a linear relationship (Figure 1) over a wide range of concen- 
trations (up to 6 per cent), as indicated by the following equation: 


TP = k (1) 

ve 
where 7p is the specific viscosity, v is the specific volume of the vulcanizate, and 
cis the concentration. The constant k is a function of the extent of disintegra- 
tion of the vulcanizate. For an acetone-separated product in carbon tetra- 
chloride, the mean value of the constant at 20° C equals 48. The theory of 
viscosity in dilute suspensions relates the value of the constant k to the asym- 
metry in the shape of particles in the dispersed phase. We made use of the 
equation of Simha‘, according to which: 


i soe (b/a)? ~ (b/a)? \4 
~ 15{log 2(b/a) — 3] = 5[log 2(b/a) — 3] 15 


where b/a is the ratio between the axes of the ellipsoid of rotation which charac- 
terizes the mean size of the particles. In our case, with the constant k = 48, 
this ratio equals 24. As calculated with the aid of the same formula by Pasyn- 
skii and Gotovskaya'‘, the ratio between the axes of the particles of a sol frac- 
tion of natural rubber is 117-123; according to the experiments of Novikov’, 
who measured birefringence in a current of plasticized butadiene-styrene rubber, 
this ratio is approximately 100. The data cited above indicate that the parti- 
cles of a disintegrated vulcanizate differ appreciably in their configuration from 
the linear molecules of unvulcanized rubber. 
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Fic. 1.—Viscosity and light diffusion of disintegrated vulcanizate solutions as functions of concentration. 
1: Relative viscosity ; 2: Relative turbidity. 


The diffusion of light by disintegrated vulcanizate solutions in xylene was 
determined with the aid of a Leitz nephelometer in comparison with a standard 
turbid substance. As is evident from Figure 1, the intensity of light diffusion 
bears a linear relationship to the concentration, whereas the relationship is 
more complex for solutions of crude rubber. This indicates that the particles 
of dispersed vulcanizate are relatively large and relatively little solvated. 
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3. MOLECULAR WEIGHT AND MOLECULAR SHAPE OF 
DISINTEGRATED VULCANIZATE 


The molecular weight of the disintegrated vulcanizate was determined with 
the aid of the equation of Polson’, the applicability of which to the calculation 
of molecular weights of high-molecular compounds has been demonstrated in 
the researches of a number of investigators®. Polson’s equation can be formu- 
lated as follows: 


k 


M = ———— 

~~ DYG/fo)% ®) 
where M is the molecular weight of the solute, D is its coefficient of diffusion, 
(f/fo) is the asymmetry factor of the particles of the solution, and v is the 
specific volume. The constant k is expressed as follows: 


_ (RT) 
~ 162m°n3N?2 


For carbon tetrachloride, which was employed by us as the solvent, & equals 
2.70-10-" at 20° C. The asymmetry factor (f/fo) is found with the aid of the 
Perrin-Hertzog equation® from the axial ratio previously determined by us 
from viscometric data, which characterizes the particles of disintegrated vul- 
canizate. In our case, f/fo = 2.15. The coefficient of diffusion was deter- 
mined experimentally by the method of Lamm in an apparatus described in 
detail elsewhere’. The principle of Lamm’s method consists in photographing 
a micrometric scale through a column of liquid in which the substance under 
investigation diffuses. Owing to the existence of a vertical gradient of 
concentration, there is a shift of the scale divisions, which is determined by 
comparison with a photograph through the pure solvent. This shift is propor- 
tional to the concentration gradient. To perform the measurement, the sample 
of disintegrated vulcanizate was transferred to a carbon tetrachloride medium, 
since this solvent possesses an index of refraction appreciably different from 
that of rubber®. Table 1 gives the experimental and calculated data required 
for computing the coefficient of diffusion and for plotting a standardized diffu- 
sion curve (Figure 2). 


TABLE 1 


DIFFUSION OF DISINTEGRATED VULCANIZATE 
Time from start of diffusions 12,300 seconds 





Pr ma Commanaaer _ - 
papas rea ~~ i on t= = (£) => S 
—10 0 0 0 0 0 
-— 8 4.5 — 36.0 288.0 — 2.48 0.023 
— 6 15.5 — 93.0 558.0 —1.88 0.079 
— 4 33.5 — 134.0 536.0 — 1.30 0.171 
— 2 55.0 — 110.0 220.0 —0.70 0.281 
0 90.0 0 0 —0.114 0.461 
2 64.5 129.0 258.0 0.474 0.330 
4 42.0 168.0 672.0 1.064 0.215 
6 20.5 123.0 738.0 1.654 0.105 
8 8.0 64.0 512.0 2.244 0.041 
10 0.55 5.5 55.0 2.834 0.003 
11 0 0 0 0 0 
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Fia. 2.—Diffusion curve of disintegrated vulcanizate. 
1: Standardized experimental curve; 2: Ideal Gauss curve. 


The coefficient of diffusion was calculated from the standard deflection: 


zs*S 


Ds 





c= 
of the diffusion curve in accordance with the following equation: 


oc 
D=-—F 
ry (4) 
where t is the time of diffusion, and F is the projection factor, which equalled 


0.435 for the apparatus employed. 
From the experimental data: 


p, = 151X107 x 0.189 
1 "2 1.23 X 104 





= 8.84 X 1077 sq. cm. per sec. 


By substituting this value in Equation (3), we obtain: 


as the molecular weight of the average molecule of disintegrated vulcanizate. 
The coefficient of diffusion can also be calculated from the maximum ordi- 
nate of the diffusion curve, this calculation leading to the following value: 


Dz. = 6.62 X 1077 sq. cm. per sec. 


In the case of a monodisperse material, D; = D2. The lack of agreement 
between these values in our case points to the polydisperse character of the dis- 
integration product. The degree of polydispersion can be characterized by the 
diffusion coefficient-distribution curve, whose shape, according to Gralen”®, 
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is logarithmic. This curve is shown in Figure 3. It has a sevenfold to eight- 
fold dispersion, and is more drawn out and flatter than is observed according to 
Pasynskii’s data for unvuleanized rubber. However, the dispersion is less 
pronounced for the disintegration product of the vulcanizate than for the 
thermal disintegration product of natural rubber. This is undoubtedly due 
to the fact that, in the former case, there is a disintegration of the spatial struc- 
ture characteristic of the vulcanizate, whereas, in the latter case, there is 4 
disintegration of separate linear molecules, the dimensions of which in the 
original material are already different from one another. 
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Fic. 3.—Distribution function of diffusion coefficient of disintegrated vulcanizate. 
1: Disintegrated vulcanizate; 2: Sol fraction of natural rubber. 


By considering the experimentally determined average molecular weight 
(3600) in conjunction with the axial ratio (1:24) of the disintegrated vulcani- 
zate molecules, it is possible to conclude as a first approximation that these 
molecules consist, on the average, of four to five mutually interlinked chains 
containing ten to twelve isopentene groups each. Such an estimate is based 
on the assumption that the particles of disintegrated vulcanizate are very large, 
being, so to speak, fragments of the spatial structure of the vulcanizate. 


4. MECHANICAL PROPERTIES OF FILMS OBTAINED FROM A 
DISINTEGRATED VULCANIZATE SOLUTION 


To determine the mechanical properties of the disintegrated vulcanizate, 
the latter was separated from the original solution with acetone; the residue was 
dried in vacuo at room temperature, whereupon it was redissolved in benzene. 

This solution was spread out on a water surface to form thin films, which 
were tested in a Smirnov dynamometer. The results are presented in Table 2. 


TABLE 2 
MECHANICAL PROPERTIES OF A VULCANIZATE 
BEFORE AND AFTER DISINTEGRATION 


Name of Tensile strength Relative 
substance (kg. per sq. cm.) elongation (%) 


Vulcanizate 190-200 900 
Disintegrated vulcanizate 7.2-7.5 250 





ight 
ani- 
hese 
ains 
ised 
rge, 


OXIDATION OF VULCANIZED RUBBER IN SOLUTION 315 


It is evident that, compared with the original vulcanized rubber, films made 
from disintegrated vulcanizate have but little mechanical strength, although 
their elasticity is still considerable. This is only natural when it is considered 
that the disintegration products are of relatively low molecular weight, and 
that their molecules are bound together by forces other than those of the 
molecules of the original vulcanizate. In vulcanized rubber, the molecular 
chains are bound together by main-valence forces, whereas in disintegrated 
vuleanizates the individual molecules interact only with the aid of intermolecu- 
lar attraction forces, the energy of which is smaller than that of main-valence 
forces by an entire order of magnitude. In any case, our data stand in clear 
disagreement with the data published by Williams", according to which the 
mechanical strength of vuleanized films before and after peptization is nearly 
identical. 


CONCLUSIONS 


1. The product of destructive solution of vulcanizate contains 50 mg. of 
oxygen per gram of substance; of this quantity, 3.77 mg. falls to the share of 
oxygen contained in free carboxyl groups. 

2. The disintegrated vulcanizate is soluble in ordinary rubber solvents, as 
well as in binary mixtures of associated and unassociated liquids. 

3. The viscosity and light diffusion of a broad range (up to 6 per cent) of 
disintegrated vulcanizate solutions are linear functions of the concentration. 

4. The average molecular weight of the disintegration product of a vul- 
‘anizate, as determined from the coefficient of diffusion, is 3600; according to 
the viscometric and optical data, the molecules represent very large, elongated 
entities with an axial ratio of 1:24. The distribution curve of diffusion coefh- 


cients has a sevenfold dispersion. 

5. The mechanical strength and elasticity of films prepared from a dis- 
integrated vulcanizate are very much lower than those of films made of vul- 
canized rubber. 
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It is known that high-molecular substances, when under external stress, 
show peculiar and characteristic effects. Therefore, it seemed only natural 
to undertake a study of the internal mechanical behavior of such substances, 
particularly with respect to their internal mobility. 

In principle, this internal behavior can be studied in various ways, among 
which would be the incorporation into the material under investigation of 
foreign particles, especially particles of molecular dimensions, which would 
serve as ‘“‘probes’’, and the movements of which could be determined. From 
a practical point of view, this would mean a study of the diffusion! of substances 
dissolved in the particular material under investigation. 

Taking advantage of known methods? for measuring the diffusion constants 
of colored substances in liquids, the present investigation was concerned first F 
of all with the development of a procedure with which it would be possible to 
make diffusion measurements in high-molecular solid media. Weakly vul- 
canized rubber was found to serve particularly well as a high molecular material 
for this purpose. As diffusion substances, five compounds were studied: 
azaobenzene, 1,1’-azonaphthalene, 2,4-dihydroxy-(1,1’-azonaphthalene) diace- 
tate, 2,4-dihydroxy-(1,1’-azonaphthalene) dibenzoate, and 3,3’-dimethoxydi- 
phenyl-4,4’-bis([4-azo ]-1-naphthol) dioleate. 3 

The choice and synthesis of these particular compounds was based on three 
considerations: first of all, the substances must be intensely colored; secondly, 
they must be fairly soluble in rubber, and thirdly, they were chosen because 
they were chemically similar, yet considerably different in molecular weight. 2 

The accompanying table summarizes the results of measurements of the 
compounds mentioned above, while for comparison the diffusion constants of a A 
few representative gases are included‘. : 

On the basis of these measurements it is possible, without further investiga- N 

O 
H 








tion, to draw certain conclusions regarding the mobility phenomena in solid 
rubber. A more critical analysis of the data and the theoretical significance of 
the results will be considered later. 


As a means of it interpreting the mobility phenomena, and because it was . 
desired to express the diffusion constants as a function of the size of the diffusing Si 
molecules, the experimental constants are plotted against the molecular weights ve 
of the diffusing compounds, as in Figure 1. This approach seemed a reason- 
able one because the compounds studied are closely related chemically, and. rn 
none contains groups not present in the other compounds of the series which si 
would be expected to have any special effect. For comparison, the diffusion bi 
constants‘ of the various substances in water® are included in Figure 1. t] 

The data in Figure 1 make evident at once the peculiar characteristics of fr 
rubber as a diffusion medium®. First of all, although of high molecular weight, n 
manatee a 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from Experientia, Vol. 3, No. 12, pages 490-2 ee 
(1947). 
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Fig. 1.—Diffusion constant D for the diffusion medium water (O) and rubber (@) as a function of the 
molecular weight M of the diffusing substances. 


DiFrFusIon CONSTANTS OF VARIOUS SUBSTANCES IN WEAKLY 
VULCANIZED RUBBER 





Diffusion constants 
Molecular _—— A . 
Substance weight 20° 25° 30° 40° 
3,3’-Dimethoxydiphenyl-4,4’- 1086 = — 2.5 107 
bis([4-azo }-1-naphthol) 
dioleate 
2,4-Dihydroxy-(1,1’-az0- 522 -2.1X10-° 2.9X10-* 9.6x10-° 
naphthalene) dibenzoate 
2,4-Dihydroxy-(1,1’-azo- 398 2.7 10~° 74X10 2.6x10-% 
naphthalene) diacetate 
Azonaphthalene 282 8.1x10~° 2.0X10- 3.9x10-8 
Azobenzene 182 2.4X 107° 
Carbon dioxide** 44 1.1X10-* 
Nitrogen 28 1.5X 10° 
Oxygen 32 2.1X 10-¢ 
Hydrogen 2 8.5X 10-* 


* The diffusion constants are expressed in sq. cm. per second at the four temperatures designated. 
The values are precise to about 25 per cent. The value for the dianisidine oleate dyestuff is only of the 
correct order of magnitude. 

** The degree of vulcanization of the rubber with which the measurements were made was not known. 
Since the diffusion constants of gases depend to only a slight extent on the degree of vulcanization, these 
values can be justifiably included even though the data were obtained with another material. 


rubber is distinctly different from ordinary solid substances in that the diffu- 
sion constants of the latter are several orders of magnitude smaller. Rubber 
behaves more nearly like a liquid, particularly with respect to the diffusion 
through it of substances of low molecular weight. On the other hand, it differs 
from an “ordinary”’ liquid, e.g., water®, in that the diffusion constants decrease 
notably with increase in the molecular weight of the diffusing substances. As 
a matter of fact, based on estimates of diffusion constants, Kuhn! had already 
come to these same general conclusions. 
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With the aid of the Einstein theory of diffusion, it is possible to calculate, 
from the experimental diffusion constants, the formal viscosities of the diffu- 
sion media, just as it is possible to estimate from the mobility of macroscopic 
substances the viscosity of the medium in which the substances move about. 
The values obtained in this way (see Figure 2) can be employed for a prelimi- 
nary characterization of the “liquid” diffusion, media rubber and water. 

Water is characterized by the fact that its viscosity is constant and is 
almost independent of the size’ of the molecules of the diffusing substances. 
Moreover, its viscosity is almost the same as the viscosity of water determined 
in the ordinary way in other experiments. 
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Fic. 2.—Values of the viscosity n, calculated from the diffusion constants, of water (©) and of rubber (@) 
as a function of the molecular weight M of the substances used for the measurements. 


In contrast to this, the ‘‘viscosity”’ of rubber when calculated by the same 
method depends greatly on the size of the diffusing molecules; in fact, from the 
diffusion constants of substances with low molecular weights, the calculated 
viscosities are surprisingly low. However, the values increase considerably 
with increase in size of the diffusing particles; e.g., from the diffusion constant 
of a substance with a molecular weight of 1000, a viscosity of 10° poises for 
rubber is obtained. 

This variability in viscosity is such as would be expected of substances 
like rubber on the basis of experimental work by Kuhn and his collaborators* 
on the analysis of the external mechanical behavior of rubber. 

On the other hand, the value of 10? poises mentioned above for the viscosity 
of rubber is still considerably smaller than that of 10° poises for its normal vis- 
cosity when measured externally during slow deformation’. From this, and 
as an extension of earlier conclusions of a similar kind, the direct conclusion 
may be drawn that, when rubber is deformed in such a way that rubber particles 
diffuse within the rubber mass itself, the size of these diffusing particles must be 
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considerable, and therefore that, as required by the statistical theory of the 
elasticity of rubber, a wide range of thread molecules can move freely within 
the rubber mass. 


SUMMARY 


The diffusion constants of various substances in rubber as the diffusion 
medium were measured. Quantitative determinations of the internal mobility 
of rubber can be carried out on the basis of the values obtained. 
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THE INTERACTION BETWEEN RUBBER AND LIQUIDS. 


X. SOME NEW EXPERIMENTAL TESTS OF A 
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OF RUBBER-LIQUID SYSTEMS * 
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In recent years a number of papers have been published in which the 
thermodynamic properties of rubber liquid systems have been deduced by 
statistical methods. These theoretical treatments have on the whole been 
highly successful, but their critical evaluation is rendered difficult by the almost 
complete lack of reliable experimental data. Any reasonably comprehensive 
attempt to fill this gap would be extremely laborious. By concentrating at- 
tention on points where, if at all, weaknesses were likely to be found, it has 
been possible to review fairly quickly the present position. 

Calculations of the Gibbs free energy of dilution AG of a polymer liquid 
mixture by the liquid have been based on a lattice model of the system. A 
lattice point is assumed capable of accommodating either a molecule of solvent 
or a “segment” of the polymer chain equal in volume to a solvent molecule. 
An approximate treatment! leads to a result of the form: 


AG = RT {In (1 — v,) + 0, + pv,?} (1) 


where v, is the volume fraction of rubber in the mixture, and yu is a parameter 


given by: 
w= A+ B/RT ’ (2) 


where A and B are constants, and Bv,? is the heat of dilution, AH». The only 
extensive data at present available to test this result are those for the system: 
rubber and benzene®. The results at 25° C are represented by Equation (1), 
with only small variations of u over the whole range of composition, but A and 
B are both strongly dependent on »,, especially when this is low*. Huggins‘ 
has shown that Equation (1) describes the rather fragmentary data for a number 
of rubber-liquid systems at a single temperature. Asa result, there is a growing 
tendency to employ u as a quantity characterizing a particular polymer liquid 
mixture. The simplicity of such a procedure makes it very attractive, but it is 
clearly desirable to apply some critical experimental tests of its validity. This 
is the purpose of the present paper, and an experimental study has therefore 
been made of some two-phase equilibria. 

The experimental work to be described is largely concerned with vulcanized 
natural rubber. It is assumed that the introduction of a few cross-links into 
the rubber has a negligible effect on the heat and entropy of mixing. There is, 
however, an additional term to be added to Equation (1), representing the 
decrease of entropy resulting from the network deformation consequent on 


* Reprinted from the Transactions of the Faraday Society, Vol. 42B, pages 33-44, 1946. 
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imbibition of liquid. The correction has been evaluated by Flory and Rehner® 
in terms of the molecular weight M, between junction points of the network. 
For isotropic swelling they obtain: 


AG, = RT {in (1 — v-) + vy + poy? + oro | (3) 
where py is the density of the rubber, and V> the molar volume of the liquid. 
If a piece of rubber is constrained to a length /, compared with an initial length 
ly dry and unstrained, Equation (3) must be replaced by: 


AG = RT {In (1 — ,) + o, + woe? + prVolo/IMe} (4) 
The elastic tension f in the swollen rubber is given® by: 
f = prAoRT (L/lo = 1o?/l?v,)/M,. (5) 


where A ois the cross-section of thedry unstrained rubber. Equation (5) has been 
shown’ to hold for highly swollen rubbers, although it is less satisfactory when 
v, is large. If, therefore, M, is estimated from the tension in a highly swollen 
rubber, there is good reason to expect the last term of Equations (3) and (4) 
to be accurate for small v,. Since this term is only important when », is small, 
it is considered that data on vulcanized rubbers may safely be used to test 
Equation (1). 

The quantity measured in the experiments reported below is the equilibrium 
volume of liquid Q,, imbibed by unit volume of the rubber, and three types of 
measurement are included. These give the dependence of Q,, on the degree of 
cross-linking, on the degree of extension //l) of the rubber, and on the tempera- 
ture. Equations (3) and (4) readily lead to the following expressions for these 
quantities when the equilibrium condition AG» =0 is inserted. 

For isotropic swelling, the effect of M, is given by: 


In (1 + 1/Qm) — (Qm + 1)? — w(Qm + 1)7? = prVo/Me(Qm +1)! (6) 
The effect of elongation is given by: 
In (1 + 1/Qm) — (Qm + 1) — H(Qm + 1) = prVolo/lM. (7) 


Reference will also be made to some earlier data on the dependence of the 
tension f on the degree of swelling Q(= 1/v, — 1); an expression for this is 
obtained from Equation (5): 


(0f/0Q): = prAoRTl?/?PM,. (8) 


In discussing the experimental data, use is made of the following thermo- 
dynamic relations, derivations of which are given in Appendix I. 


Qn _ _ Vo( af) /( aac | 
MG 3 3 nae | aQ ), (9) 


JAG _ _ Vof of ek a 
( 30 _ . (35) dicpocre ile ‘| (10) 
— Qn (ee) 9 In (Aw) 

= 


AH, = TAS» T \3Q a/T (11) 





All the above are true only at Q = Q,,. In Equation (11) Aw is the weight of 
liquid imbibed by a fixed amount of rubber. 
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Equations (9) and (11) show that the dependence of the maximum swelling 
on either length or temperature is inversely proportional to 0AG)/dQ.  Al- 
though the dependence of Q,, on cross-linking is not strictly a thermodynamic 
problem at all, a simple analysis leads to the conclusion that this also is inversely 
proportional to dAG)/dQ. In general, therefore, the variation of Q,, with 
internal or external parameters is determined by the slope of the free energy- 
composition curve in the neighborhood of the two-phase equilibrium. It is 
this fact which makes the ability of an equation to describe these phenomena 
such a severe test of the theory on which the equation is based. 

Effect of cross-linking on swelling capacity—Several natural rubber vul- 
canizates were prepared; the compounds, whose compositions are given in 
Appendix II, being selected to cover a range of ‘cure’. The estimation of M, 
was made by allowing a strip of rubber, carrying a dead load, to swell to its 
maximum capacity in 40/60 petroleum ether at 25° C. When equilibrium was 
attained, the distance between two reference points on the strip was measured, 
and the degree of swelling estimated by cutting out the portion of the strip 
between the reference points and determining its petroleum ether content. 
The values of 10-* M, obtained in this way are given in Appendix III; their 
reciprocals are seen to run roughly parallel with the loads at 300 per cent exten- 
sion as determined on a standard tensile testing machine (the so-called modulus 
at 300 per cent). Swelling measurements were carried out in a variety of 
liquids differing widely both in chemical type and in solvent power. Weighed 
samples of rubber (about 1 gram) were immersed in excess liquid and main- 
tained at constant temperature for three days, by which time swelling was sub- 
stantially complete, and then quickly surface-dried, and weighed. The results 
are shown in Figures | and 2, in which Q,, is plotted as a, function of 1/M, for 
the various rubbers, with the addition, for the nonsolvents, of unvuleanized 
rubber. Data for the two pairs of liquids, chloroform and carbon tetrachloride, 
benzene and toluene, were so similar that only one of each pair is shown. To 
fit the data to Equation (6), a value of uw has to be selected to give the best 
general representation of the points, it being assumed that chemical differences 
among the rubbers would not be sufficient to affect uw significantly. The curves 
drawn in Figures 1 and 2 were calculated from Equation (6) by using the values 
of uw shown in Table I, and evidently give a fairly good representation of the 
data for the good swelling agents, bearing in mind the difficulty of making 
satisfactory comparisons of different rubbers. This is in agreement with the 
conclusion drawn by Flory* from his data on the swelling of a range of Buty! 
rubbers in cyclohexane. The data for methylethyl ketone and ethyl acetate 
show a systematic deviation from the calculated curve, the effect of cross- 
linking in reducing the swelling power being more marked than would be ex- 
pected. It is difficult to estimate the quantitative discrepancy in 6Q,,, the 
amount by which Q,, is lowered by cross-linking, but it would seem that the 
experimental value for ethyl acetate is at least twice the calculated. It ap- 
pears rather unlikely that any large part of this factor can arise from the term: 
PrVo/M-(Qm + 1)', since it has previously been found that rubbers swollen 
by 100 per cent show nearly the theoretical behavior in tension’. The tenta- 
tive conclusion would, therefore, be that 0AGo/dQ for poor swelling agents is 
lower than would be expected on the basis of their swelling capacity; in other 
words, that Equation (1) is only approximately true. The discrepancy in- 
volves only small deviations in the value of uw given by Equation (6) when 
applied to different rubbers. Thus, e.g., Table I gives u» = 0.78 for ethyl 
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Fic. 1.—Effect of vulcanization on swelling. 


(a) Good swelling agents. 1. Carbon tetrachloride. 
2. Carbon disulfide. 3. Benzene. 


(Curves theoretical) 























Fic. 2.—Effect of vulcanization on swelling. 


(b) Moderate and poor swelling agents. 1. 40/60 petroleum ether. 2. n-Propy] acetate. 
3. Ethyl acetate. 4. Methylethyl ketone. 5. Acetone. 


(Curves theoretical) 
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acetate; the value calculated from the swelling capacity of raw rubber js 
uw = 0.71. Table I includes for comparison pu values calculated by Huggins‘ 
from vapor pressure data on raw rubbers, and the general order of agreement 
is fairly good, suggesting that Equations (1) and (6) are probably both reason- 
ably satisfactory for good swelling agents. 


TaBLeE [ 
VALUES OF » FROM Equation (6) 


Liquid » (from Qm) » (vapor pressure) 


Carbon tetrachloride h 0.28 
Chloroform h 0.37 
Carbon disulfide ) 0.49 
Benzene R 0.43* 
Toluene i 0.43-0.44 
40/60 petroleum ether } 0.43T 
n-Propyl acetate . 

Ethyl acetate 

Methylethyl ketone 

Acetone 


* Data of Gee and Orr give 0.41. 
¢ Light petroleum. 


Effect of extension on swelling—The measurement of the effect of extension 
on swelling is in principle much more satisfactory than the comparison of 
different rubbers. In practice it turns out to be very difficult except for liquids 
of moderate swelling power. With good swelling agents, only very small ex- 


tensions can be applied without breaking the specimen, and it becomes neces- 
sary to measure relatively small differences in Q,. In some cases, notably 
chloroform and toluene, the difficulty is enhanced by failure to attain steady 
equilibrium values of Qm, the result obtained increasing very markedly with 
time®. With acetone, the effect of extension on Q, was very small, but with 
intermediate liquids, such as ethyl acetate and methyl ethyl ketone, very 
satisfactory and reproducible results were obtained over a wide range of ex- 
tensions. Most of the data reported were obtained by stretching rings over 
glass formers, but for the better swelling agents, there was found to be less 
danger of rupture if the rubber was stretched in the form of a strip. This 
latter procedure was more troublesome, as it was necessary to cut out the 
stretched portion when swollen to equilibrium and determine its swollen weight. 
The sample was then returned to the liquid to determine its weight when swollen 
and unstrained, while finally the dry weight was obtained by removing the 
liquid in vacuo. By this method 0Q,,/dl is certainly underestimated for liquids 
in which Q,, increases with time. 

The results are shown in Figures 3 and 4, in which the theoretical curves are 
calculated from Equation (7), using values of u chosen to give the observed 
swelling at f = 0. Bearing in mind the above note about chloroform and 
toluene, Equation (7) is satisfactorily confirmed for good swelling agents 
(Figure 3). For poor swelling agents, the effect of extension is far larger than 
predicted. Flory and Rehner’® have shown that Equation (7) describes ac- 
curately the effect of extension on the swelling of a sample of Butyl rubber in 
xylene. 

It is possible to determine whether the unexpectedly large dependence of 
Q, on extension arises mainly from anomalies in the elastic behavior or in the 
state of mixing, by making use of Equation (9), but to do so it is necessary to 
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Fig. 3.—Effect of extension on swelling. 
Good swelling agents. 1. Chloroform. 2. Benzene. 3. Toluene. 4. 40/60 petroleum ether. 


(Curves theoretical) 
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Fic. 4.—Effect of extension on maximum swelling. 


Poor swelling agents. 1. n-Propy] acetate (add 0.5 to ordinates). 2. Ethyl acetate. 
3. Methylethyl ketone. 4. Ethyl formate. 


(Dotted curves theoretical) 
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estimate (0f/0Q);. Data have been reported previously’ on the effect of 
toluene on the tension of stretched rubber strips; from these (0f/0Q), is readily 
obtained by graphical interpolation. The resulting figures have been applied 
to the present data, this being justified by two facts: (1) that similar samples of 
rubber were used in the two investigations; and (2) that unpublished work" 
has shown that the tension at constant length of swollen rubbers depends, to a 
first approximation, only on the degree of swelling, and not on the nature of the 
liquid. It must be emphasized that the figures are not necessarily very precise, 
since a considerable amount of graphical interpolation has been necessary, 
Some typical results are given in Table II, in which: 


1, 9@m = iJ of and JAG 
° al’ Ay \aQ oie aQ /, 


are compared with values computed from the above statistical equations. 


TABLE II 


RELATION BETWEEN SWELLING, TENSION AND EXTENSION 
(RuBBER A) 


1 (2 ede 
1p 22m Ao\aQ/i aQ /1 


al Cal. /ce. rubber Cal. /mole liquid 
A it Rc cctonen 





Qm r r ‘ . 
Liquid (unstrained) Expt. Theory Expt. Theory Expt. Theory 


Ethyl 0.447 “ 0.036 0.0105 0.052, 0.0310 11; 237 
formate . 0.025 0.0061 0.036; 0.0175 11, 230 


0.019; 0.0040 0.0275 0.0112 11, 227 


Methyl- h “ 0.144 0.0348 0.0432 0.0310 27 80.1 
ethyl : 0.119 0.0218 0.0255 0.0175 22 75.8 
ketone é 0.095 0.0138 0.017, 0.0112 17 73.1 


0.074 0.039; 0.0310 40.1 
0.047; 0.022, 0.0175 36.2 
0.0325 0.0159 0.0112 33.7 


0.40 0.033; 0.0310 2 8.9 
0.303 0.018 0.0175 6.6; 
0.246 0.011; 0.0112 5.24 


Ethyl 
acetate 


non 


n-Propyl 
acetate 


~~ t= 
oe cr 


In considering these results, it must be borne in mind that 0Q,,/dl and 
(0f/dQ), are both differential quantities, not measured directly, so that both 
are liable to considerable experimental error. None the less, it is clear from 
the table that the high values of 0Q,,/0l arise mainly from very low values of 
(@AG,)/dQ);. An important observation is that these low values do not depend 
essentially on extension, the discrepancy between theory and experiment being 
of the same order at different extensions. This conclusion is confirmed by 
extrapolating the data to f = 0, and employing Equation (10) to calculate 
GAG,/0Q for the unstretched rubber; the results are set out in Table III. 
The figures for methylethyl ketone and ethyl acetate are consistent with the 
observed relatively large effect of vulcanization on the swelling in these two 
liquids (Figure 2). 

By considering the magnitudes of the separate terms in Equation (3) it is 
easily seen that (OAG»/0Q),;~0 is determined essentially by the free energy of 
mixing, no important contribution arising from network deformation. It 
follows that the last column of Table III gives an estimate of the ratio between 
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TaBLeE III 
EVALUATION OF (0AG/0Q);-0 (RUBBER A) 


dAGo 

~1( ) ( 9Q Js 
Ao\dQ/1 Cal. /mole liquid Ratio 

l/lo ; Cal. /ce. ° IQm x an expt. / 

Liquid Qm (=(Qmn +1)! rubber al Expt. Theory theory 
Ethyl formate 0.447 1.13 0.075 0.045 120 242 0.50 
Methylethyl 0.75 1.20 0.062; 0.159 34 83.9 0.41 

ketone 

Ethyl acetate 0.96 1.25 0.055 0.24; 21 42.2 0.50 
n-Propyl 1.26 1.42 0.037; 0.55 72 8.15 0.88 


acetate 





the true and calculated values of (@AGo/0Q)r for raw rubber at the values of Q 
shown in column 2. It is known by direct measurement that this ratio is close 
to unity for benzene?, at all values of Q. The success of the statistical equa- 
tions in describing both the elastic behavior and the effect of extension on 
swelling for a series of good swelling agents shows that the same must be true 
of these. In contrast, the results of Table III suggests that as the limit of 
imbibition is approached for poor swelling agents, 0AG»/0Q falls below its caleu- 
lated value. This has already been shown to be the case for methyl alcohol! 
where, in the neighborhood of maximum swelling, G6AG»/dQ falls to not more 
than one-twentieth of the value to be expected from Equation (4) and the 
observed maximum swelling. Lens’ data for acetone!’ are not sufficiently 
precise to estimate the ratio (observed/calculated) with any precision, but it 
is certainly low (~0.05). These various observations are collected in Figure 5, 
in which the ratio of observation to calculation at the point of maximum swell- 
ing is plotted as a function of Q,. There is no reason to expect all the points 
to lie on a smooth curve, but it seems extremely probable that the curve drawn 
furnishes at least a rough estimate of the ratio for other liquids. There is, 
in other words, strong evidence that Equation (1) fails to give the correct 
dependence of the free energy of dilution on composition for liquids of limited 
swelling power. 

The way in which this failure accounts for some of the anomalous effects 
of vuleanization and extension on swelling is shown schematically in Figure 6, 
which relates to a liquid in which raw rubber is swollen to Q,, = 1.00. Curves 1 
and 2 represent the experimental and calculated curves of AG» while 3 and 4 
give (minus) the increment due to vulcanization, unstretched and stretched 
tol/lo = 2. The points of intersection of curves 3 and 4 with 1 and 2 give for 
the maximum swelling of the vulcanized rubber: 


unstretched, experiment 0.828, calculated 0.902 
stretched, experiment 0.876, calculated 0.930 


(These figures are, of course, only illustrative, and have no quantitative sig- 
nificance.) 

The effect of temperature on swelling—The temperature dependence of the 
maximum swelling of several natural rubber vulcanizates was determined in a 
range of liquids, employing the technique already described. In most cases 
measurements were carried out in duplicate, the first sample being allowed to 
swell successively at 0° C, 25° C, 0° C; and the second sample at 25° C, 0° C, 
25°C. In this way an adequate check was obtained on the attainment of 
equilibrium, and the absence of any important drift of Q,, with time. The 
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results may be expressed in the form —d In Aw/0(1/T), where Aw is the weight 
of liquid imbibed, but to use them to evaluate the heat of dilution from Equa. 
tion (11), it is necessary also to estimate (@AG)/0Q)r. A statistical expression 
for this quantity obtained from Equation (4) may be used for the good swelling 
agents. In general, it is necessary to introduce the factor y, determined in the 
last section, as the ratio between the true and calculated values of (@AG)/dQ)r. 
From Equation (11), introducing the factor y, and dividing by »,? gives: 


DAH, _—yR 0 In Aw 
v2? = Qu +1 


Pr Vo 





- ne Nf + (I ‘x 21) Qm = 3M, 2" (Gm + yes (12) 


where Q,, is the mean maximum swelling over the range of temperature con- 
sidered and yu is determined by Equation (6). The application of this equation 
to a single rubber in a range of liquids is illustrated in Table IV, values of y being 
read from Figure 5. Very similar results have been obtained for other rubbers, 


TABLE IV 


HeEaT AND ENTROPY OF DILUTION FROM TEMPERATURE DEPENDENCE 
oF SWELLING (RuBBER B) 


ay 


vy? 
Cal. /mole liquid 





8 In Aw Calorimetric!? 
a/T) Equation (12) (Q=0) 
—125 —105 — 255 
—185 — 130 — 450 
15 95 
15 


310* 
135 


Liquid 
Carbon tetrachloride 
Chloroform 
Carbon disulfide 
Toluene 
Cyclohexane 
Benzene 
n-Butyl n-butyrate 
n-Heptane 
di-isopropyl ketone 
n-Pentane 
n-Butyl acetate 
n-Propyl] acetate 
Ethyl acetate 
Methylethyl ketone 215 
Methy] acetate 
Acetone 120 


* Direct measurement on raw rubber? gives AHo/vr? =310 at Q =0; 168 at Q =4.96. 


© 
3 


SOSSH NNN YOR AAIAS 
SSRSSSESSRERRALES 


Several features of this table call forcomment. In the first place the results 
for the last two members of the series are very largely determined by y, and it 
is clear from Figure 5 that this may be quite seriously in error. For the next 
three members there are direct experimental measurements of y; for the 
remainder y = 1 is likely to be very nearly accurate. 

At first sight the values of AH»/v,* estimated here, do not agree at all well 
with those based on calorimetric data (compare columns 4 and 5). The dis- 
crepancy is always in the direction making the numerical value calculated from 
the temperature coefficient the smaller of the two. Now it has been shown by 
direct measurement? in the case of raw rubber and benzene that AHo/2,? falls 
as the benzene content increases, and the value of about 168 calories per mole 
found at Q = 4.96 is in fair agreement with the estimate of 125 obtained here. 
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For this system the calorimetric estimate, which was based on the heats of 
mixing of benzene with dihydromyrcene”, is equal to the experimental value* 
at Q = 0. Since both columns 4 and 5 are essentially experimental their dis- 
agreement is evidence that AH»/v,’ is not independent of the degree of swelling, 
ie., that even if u is independent of composition, the constants A and B of 
Equation (2) are not. 
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Fia. 5.—Ratio (y) of experimental to theoretical values of (@AG0/dQ)7 
1. Methyl alcohol 2. Acetone 
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Fic, 6.—Theoretical and experimental dependence of Qm on vulcanization and extension. 


1. AGo raw rubber (exptl.). 2. AGo raw rubber (theoretical). 
3. —@AGpo vulcanized rubber at f=0. 4. —dAGo vulcanized rubber at l/lo =2. 


CONCLUSIONS 


The general conclusion which emerges from these experiments is that the 
simple Equation (1) proposed by Huggins is more limited in application than 
has been previously supposed. + It gives correctly the isothermal dependence on 
composition of the free energy of a polymer-liquid mixture whose heat of mixing 
is small, » being treated as an empirical parameter. It is, therefore, possible 
to calculate the colligative properties of the mixture at a fixed temperature 
with fair precision, using only the one adjustable parameter. Since the inde- 
pendence of u on 2; is found to arise only from an approximately cancellation of 
the concentration dependence of A and B (Equation 2), the equation cannot be 
safely used to discuss heats and entropies of dilution. If there is an appreciable 
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heat of mixing, Equation (1) is no longer strictly accurate even at a fixed tem. 
perature. As the polymer approaches saturation, the dependence of AG, on 
composition becomes considerably less than expected. The direct consequence 
of this is that theoretical treatments based on Equation (1) underestimate the 
extent to which the swelling capacity of a polymer depends on external condi- 
tions or structural changes. 

Discussion of the origin of these anomalies requires a critical examination 
of the basis of Equation (1) and of other statistical theories of polymer solu- 
tions. This lies beyond the scope of the present paper, and will be considered 
in a further communication. 


SUMMARY 


Experimental data are reported on the effects of vulcanization, extension, 
and temperature on the swelling of rubber. Although in qualitative agreement 
with a simple equation derived from a statistical theory of polymer solutions, 
these reveal quantitative discrepancies which are important in discussions 
of two-phase equilibria. 
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APPENDIX I 
THERMODYNAMIC RELATIONS 


(1) Dependence of Qm on extension—Considering a stretched, swollen 
rubber maintained at constant temperature and pressure; by mathematical 


identity : 
one) Te (Se Z) 13) 
ag). al Jo\ aQ Jace at 


8), (4. (ENB, 
BR Jo” VOlfe\Gmeds” \One;A Ble \dms:. 


and 


where f is the tension in the rubber, and mp the number of moles of liquid in the 
rubber. 
Further 


no = AgloQ/Vo (15) 


(ee) Vo (2 ) ( dl ) (16) 
sl —_— — = . Pty 0 ) 
OQ l A olo 0q 1 aq AGo 


A particular case of Equation (16) is obtained by putting AG) = 0, when 


Q = Qm giving: 
1, 90m (35) / (Se) (9) 
"al Ao \OQ] FX 0Q /: ) 


where the terms on the right are to be given their values at Q = Q,,. 
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(2) Swelling at constant tension and at constant length—Kquation (9) may 
be used to derive the limiting value of (@AG)/dQ); at f = 0. To obtain from 
this the slightly different function (@AGo/dQ);~0, we use the identity: 











JAG» _ JAG (4) (=) 
( dQ ¥ ( aq ), TAM lett ine (84) 
Now at f = 0, 1 = 1o(Q + 1)!, so that: 
al : 
= is =% 


Combining this with the value of (@AGo/dlo)@ obtained from (14) and (15), and 
of (@AGy/0Q). from (9), the final result is: 


JAG a). | - 
( aQ a ‘ tse) Awan (Qn + 1) — 


where the quantities on the right are to be given their values at f = 0,Q = Qn. 
(3) Temperature dependence of Qmn.—Considering a swollen rubber at con- 
stant pressure, and free from mechanical restraint; by identity: 


JAG ro 7 JAG dQ 
( aq ), 7 ( oT ) 1 (38 se. (19) 


If wy is the weight fraction of liquid in the rubber, the entropy of dilution ASo 
is given by the well known relation: 


—ASo = (OAGo, OT )wo 














JAG» ) OAGo ( 0q ) 
= —- 20 
( aT w+ aQ ; aT ) wo - 
by identity. If ao and a, are the coefficients of thermal expansion of liquid and 


rubber, it is easily seen that: 








aq 
— = — a,)¢ 21 
(3), (a — ar)Q (21) 
Substituting in (26) and combining with (25): 
JAG > aq } 
: S = pre —_ —_ r p 2 
as = (5% ) ACSF ao me — 
In the particular case of maximum swelling, AGo = 0, Q = Qn and 
JAGy \ { AQn 
= S = a, — m aat r 2 
AH, = TAS, 7 ( a ){ 1m — Qa(ao — a) (23) 


In using experimental data obtained by weighing, it is simpler to evaluate the 
temperature coefficient of the weight increase Aw, and replace Equation (23) by 
the equivalent expression : 





i 0 In Aw ” 
AH, = TAS) = — o (SS) cabo (11) 


= dQ TQ alles: 0(1/T) 
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APPENDIX II 
COMPOSITION OF VULCANIZED RUBBERS 
A, A’ B, B’, B” 


Smoked sheet rubber 100 100 
Sulfur 

Selenium (Vandex) 

Zine oxide 

Stearic acid 

Nonox 

MBTS 

ZDC 


—-| connwS a 


oor 


APPENDIX III 
CurE or RUBBERS 
A’ B B’ B” Cc 


— (Minutes) 30 60 15 30 60 
°C 142 100 142 142 100 
Modulus (300%) ¢ — 24 14 13 28 
(kg. per sq. cm.) 
10° Mc 8.0 11.1 6.4 7.9 8.3 5.15 
10-* Modulus x Mc (72) — 155 110 110 145 


A and A’ differed in the amount of milling received during mixing; A had a 
bare minimum and was of Mooney viscosity 75; A’ was heavily milled to a 
Mooney viscosity of 15. 
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FLOW PHENOMENA IN RUBBER. 
I. FLOW CURVES FOR NATURAL RUBBER * 


D. W. SAUNDERS AND L. R. G. TRELOAR 


BrittsHh Rupser PrRopucers’ RESEARCH ASSOCIATION, WELWYN GARDEN CIty, 
HERTFORDSHIRE, ENGLAND 


INTRODUCTION 


Among the various types of plastometer or viscometer which have been 
applied to the investigation of the flow characteristics of unvulcanized rubber, 
the shearing-dise viscometer of Mooney! is one which most effectively combines 
the practical requirements of a routine measuring device with some degree of 
theoretical simplicity. From the theoretical standpoint, however, it suffers 
from the disadvantage that the rate at which the rubber is sheared is not 
uniform throughout the volume of the chamber (Figure la), but increases 
with the radial distance from the axis of rotation. It is, therefore, not possible 
with the standard form of this machine to investigate the dependence of the 
rate of flow on the shearing stress for substances like rubber which show non- 
Newtonian flow, 7.e., for which the rate of shear is not proportional to the ap- 
plied stress. This disadvantage was appreciated by Mooney’, who also 
designed a concentric cylinder type of viscometer, in which the rate of shear was 
substantially uniform. This was used for fundamental investigations into the 
shape of the flow curve. 

More recently Piper and Scott® devised a simple modification of the shearing- 
dise viscometer which enables absolute measurements to be made without 
detracting from the practical convenience of this type of instrument. The 
modification consists merely in replacing the flat disc by a rotor having two 
conical surfaces (Figure 1b). By this means a substantially uniform rate of 
shear is achieved except in the neighborhood of the edge of the rotor. By 
introducing a suitable correction for this edge region, Piper and Scott were thus 
able to obtain true flow curves for both natural rubber and GR-S. 

In the present work, Piper and Scott’s modification has been used to derive 
more detailed and more extensive information on the flow curves of natural 
rubber, from which it appears that the shape of the flow curves cannot be 
satisfactorily represented by the Ostwald—de Waele formula which Piper and 
Scott employed. In addition, it is shown that from a knowledge of the true 
flow curve the readings of the standard flat rotor instrument may be approxi- 
mately predicted. Finally, the effect of temperature on the rate of flow is 
examined, and is shown to be governed by the normal exponential relation 
characteristic of liquid viscosities. 


EXPERIMENTAL ARRANGEMENT AND DATA OBTAINED 


In its essential parts the machine used in these experiments was an exact 
copy of that described by Piper and Scott, to whose paper reference should be 
made for dimensional details. The angle between the rotor surface and the 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 24, No. 2, pages 
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92-100, August 1948. 
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chamber wall was 0.125 radian (7° 10’). The upper and lower dies were jp 
contact with heavy platens, which were electrically heated and independently 
thermostatically controlled, the temperature being measured by means of dia] 
thermometers embedded in the platens. The machine was driven by a half 
horse-power motor through a gear box designed to cover a range of rotor speeds 
from 0.023 to 12 revolutions per minute in 9 steps each in the ratio 2:1. 

The two fixed dies could be removed and replaced by dies of standard 
pattern when it was desired to work with the normal flat rotor (Figure 1a) 
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Fia. 1.—The Mooney viscometer. (a) Original flat rotor; (b) Biconical rotor of Piper and Scott. 


A fresh piece of rubber was used for each test at a particular temperature 
and speed. This was taken from a single batch of smoked sheet which had 
been softened by mastication on the open mill. The testing procedure was 
standardized in the following way. With the platens at the desired tempera- 
ture, the specimen was inserted in the chamber and the dies were closed. 
After allowing time for heating of the rubber (about 2 minutes) the rotor was 
driven at a standard speed of 2.98 revolutions per minute for 4 minutes, and the 
minimum reading during the last revolution was noted. The gear ratio was 
then adjusted to give the required speed of test, and the machine was run at 
this speed for two complete revolutions of the rotor, the minimum reading in 
the second revolution being adopted as the appropriate figure for that particular 
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temperature and speed. The taking of the minimum reading was facilitated 
by the addition to the dial gauge of a light pointer which was pushed round by 
the dial needle. 

The object of the preliminary 4-minute run was to bring the rubber into 
a homogeneous state of flow by working out air bubbles or irregularities intro- 
duced during filling. It also provided a check on the reproducibility of the 
readings for the individual samples under a standard condition. These read- 
ings are indicated in Table 1 under the heading “‘Control”’. 


TABLE 1 
Diau READINGS witH BrcontcaL Rotor (M’) anp Fiat Rotor (M) 


Temp. Biconical rotor Flat rotor 
(°C) —— aaa 

Rotor 50° y 80 100° 120° 140° 80° 

sped = —-—-A~—-~ ——-— —— 

rev. per Con- Con- Con- Con- Con- 
min. trol M’ N J trol M’ trol M trol } trol 
0.047 198 50 52 ‘ 25 108 é 93 78 } _ 
0.093 205 65 5: 5 é 108 26 91 80 2 56 
0.187 198 81 5 p 5: 108 é 93 26 79 ¢ 54 
0.374 198 102 : p j 107 52 91 3s 79 55 
0.747 196 2 4 2 109 if 94 55 79 56 
1.49 198 5+ ¢ : y e 109 95 ‘ 80 56 
2.99 200 5 ¢ p 2: 108 95 9% 80 56 
5.98 = 5s { 2 5 108 1: 96 4 80 ¢ 56 

11.96 _ é 127 108 56 92 135 81 120 56 





Using the conical rotor, the dial reading M’ was obtained over a range of 
speeds at temperatures of 50°, 60°, 80°, 100°, 120° and 140°C. A set of read- 
ings M were also obtained with the standard rotor at a temperature of 80° C. 
These figures are given in Table I. 


DERIVATION OF FLOW CURVES 


To derive the flow curves from the dial readings at a particular temperature, 
the method worked out by Piper and Scott was followed. In this method the 
total torque is considered to be made up of two contributions, one from the 
conical region, where the flow is uniform, and one from the edge region, 
where the flow is not strictly uniform. This second requires an approximate 
method of analysis, which is based on the assumption of a flow curve obeying 


the Ostwald—de Waele law: 
do a \* 
dt (=) (1) 


do/dt being the rate of shear, s the shear stress, and ’ and n constants. The 
expression obtained for the torque 7 then becomes: 


4 
T = 3 wp*®s + 2mr*sXal/” (2) 


where s is the stress in the uniform zone, p the radius of the rotor, a the angle 
between rotor surface and chamber wall, and X an instrumental constant which 
also involves n. The value to be assigned to n in the second (correction) term 
is obtained by plotting log 7 against log (da/dt). In the case where the flow 
is not governed by Equation (1), we may consider n to be a function of s, and 
its value in the neighborhood of a particular point may readily be obtained by 
plotting log (do/dt) against log 7 and taking the slope at the point under 
consideration. 





336 RUBBER CHEMISTRY AND TECHNOLOGY 


Actually it was found that the edge region accounted for about one-third 
of the total torque, which indicates quite appreciable departure from the ideal 
of uniform flow. 

Figure 2 represents the set of flow curves on a linear plot, while the same 
data are shown on a double logarithmic plot in Figure 3. If Equation (1) were 
applicable, these latter curves should be linear, as found by Piper and Scott, 
It is seen, however, that they cannot in general be regarded as linear, except 
over a relatively short range of flow rates. The degree of curvature may of 
course depend on the rubber used. The relation obtained by Mooney? was 
linear in the stress region below 10° dyne per sq. cm., but developed a curvature 
at higher stresses, comparable with those used in the present experiments. 


CONVERSION TO STANDARD ROTOR 


Mooney’ has discussed the method of calculation of the torque developed in 
the standard (flat) rotor instrument from the absolute flow curve. The calcu- 
lation is straightforward, involving only a graphical integration of the torque 
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Fic. 2.—Flow curves at various temperatures (Centigrade), linear plot. 
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Fic. 3.—Flow curves at various temperatures (Centigrade), double logarithmic plot. 
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Fic. 4.—Standard rotor, 80°C. Actual readings compared with values 
calculated from flow curve. 
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over the rotor surface. The edge difficulty is got over by assuming a plausible 
effect rate of shear over the edge region. As before, this region gives rise to 
nearly one-third of the total torque. Figure 4 shows the results of this calcula. 
tion, which are compared with the directly observed readings at the same tem- 
perature. The agreement is not close as might be desired, the calculated values 
being about 15 per cent lower than those observed. This discrepancy probably 
arises mainly from the outstanding uncertainty with regard to the state of 
flow in the edge region, particularly in the case of the flat rotor, where the state 
of flow is very nonuniform. An error may also arise from the deep grooving 
of the rotor and stator surfaces, which may well modify the effective clearances 
to an appreciable extent. 

It is interesting to observe that differences of about the same magnitude 
(up to 14 per cent) were found by Mooney in a comparison of viscosities re- 
corded by the flat-disc instrument with those derived from his cylindrical 
viscometer. 


TEMPERATURE DEPENDENCE 


According to Eyring’s theory‘, the viscosity of a liquid at low shearing 
stresses may be represented by the formula: 


n = Ach/RT (3) 


where A is a constant and E the “activation energy for flow”. This formula 
has been found to represent with considerable accuracy the temperature de- 
pendence of viscosity of most liquids, including long-chain paraffins and 
polyesters. In the case of rubbers, which are non-Newtonian, the effective 
viscosity depends on the value of the stress, but a convenient comparison with 
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Fic. 5.—Temperature dependence of flow rate at constant stress, showing 
values of E in equation (3). 
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the Eyring formula may be made by considering the temperature dependence 
of the rate of flow do/dt at a constant value of the shear stress. 

In Figure 5 the quantity log (do/dt) is plotted against the reciprocal of the 
absolute temperature for a number of different values of the shear stress. 
The points on these curves were taken from the smoothed curves of Figure 3; 
they are not direct observations. It is seen that, except at the lowest tempera- 
ture employed (50° C), these points lie on a set of straight lines, which are very 
nearly parallel, the actual values of E, determined from the slope, ranging from 
7.9 to 8.8, with a mean of 8.1 k. calories per mole. The deviations of the indi- 
vidual values of the slope from the mean are within the probable experimental 
error; the greatest deviation corresponds to the lowest curve, for which the 
accuracy was least. There is no evidence of a significant dependence of activa- 
tion energy on applied stress. 


DISCUSSION 


Shape of flow curves.—The Ostwald—de Waele law (1), which has frequently 
been employed to represent the behavior of unvulcanized rubber, is shown from 
these experiments to be inapplicable except as a rough approximation over a 
restricted range of rates of flow. This is not particularly surprising, since the 
law is in any case purely empirical in origin. Further evidence of its restricted 
range is provided by the observations of Scott and Wharlow®, using the biconical 
rotor instrument, which revealed that at very low stresses, namely 10° dyne 
per sq. em. and lower, the flow was strictly Newtonian. 

Temperature coefficient of flow rate——The mean value of the constant E from 
the present experiments, 8.1 k. calories per mole, is of the same order of mag- 
nitude as the values quoted by Eyring! for long-chain paraffins (6 to 7 k. calories 
per mole), and those obtained by Flory® for polyesters of molecular weight 
ranging from 200 to 10,000 (about 8 k. calories per mole). 

It is interesting to compare the present data representing the effect of 
temperature on the rate of flow with the earlier results obtained by Mooney 
with the cylindrical viscometer*. In Figure 6 the data taken from Mooney’s 
curves for a lightly-milled crepe are reproduced in the same form as Figure 5. 
The mean activation energy corresponding to the lowest three curves is 7.9 
k. calories per mole, which is close to the figure of 8.1 k. calories per mole de- 
rived from the present experiments. It is worth noting that this agreement in 
the E values is found, even though the absolute rates of flow in the two series 
of experiments differed by a factor of nearly 20, Mooney’s sample of rubber 
being less severely broken down on the mill, and probably, therefore, of a 
higher mean molecular weight than the authors’. Such an agreement would 
be in harmony with the basic concept of the Eyring theory, borne out by Flory’s 
experimental work with the polyesters, that the activation energy approaches a 
constant limit as the chain length of a linear polymer is increased. 

The three highest curves of Figure 6 display an increasing degree of irregu- 
larity with increasing stress. This suggests that in this region a profound dis- 
turbance of the flow process sets in. Similar irregularities were observed in the 
shearing-dise plastometer by Mooney!', who suggested that they might indicate 
the incidence of tearing in addition to laminar flow. Whatever the explana- 
tion, it would seem wise to discount the data in this region in any theoretical 
interpretation of the temperature dependence of flow. Smallwood? has in- 
terpreted Mooney’s data differently, using a more elaborate formula, derived 
on the basis of Eyring’s theory, which accounts for the shape of the flow curves 
and leads to a dependence of the activation energy on the stress. 
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Using the Piper and Scott modification of the Mooney viscometer, the 
flow of masticated rubber has been studied over a range of shear stresses and 


at a number of temperatures. 


From these data flow curves, 7.e., the relation 


between the rate of flow and shear stress, at various temperatures, were ob- 
tained. The curves do not fit the Ostwald-de Waele relation used by Scott 


and others. 
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Fic. 6.—Temperature dependence of flow rate at constant stress, from Mooney’s data. 


SUMMARY 


From the flow curves, the readings to be expected in the standard (shearing- 


disc) Mooney viscometer were calculated. 
figures by about 15 per cent. 


These differ from the observed 


The temperature dependence of the rate of flow is accounted for on the basis 
of the simple Eyring formula, and a value of 8.1 k. calorie per mole was ob- 
tained for the energy of activation involved in the flow process. 
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POLYMERIZATION. VIII. THE ACTION OF 
METALATING REAGENTS ON RUBBER * 


AverY A. Morton anp Huacu E. RAMSDEN 


DEPARTMENT OF CHEMISTRY, Massacuusetts INstiITUTE OF TECHNOLOGY, CAMBRIDGE, Mass. 


The Alfin catalysts! are metalating? as well as polymerizing agents. Hencea 
knowledge of what metalation does to natural rubber and the Alfin polymer 
is important. The method used in this study was to subject rubber to the 
metalating agent, carbonate the product, and examine its solubility in water 
or other solvents or determine its intrinsic viscosity. Insolubility in organic 
solvents is taken as evidence of cross-linking. Four reagents were used: 
alkoxides (as a class), phenylsodium, amylsodium, and 1-pentenylsodium. 
The first obviously does not add to carbon-carbon double bonds, the second one 
does not so add* and therefore can exert a metalating action only, the third 
adds to conjugated double bonds‘ but not to monodlefins and is a powerful 
metalating agent?, the fourth adds more readily to conjugated bonds! than does 
the third but obviously is a weaker metalating agent. These agents uniformly 
caused cross-linking in the expected order of metalating strength, which is: 
amylsodium > phenylsodium > 1-pentenylsodium > alkoxides. The series 
covers a wide range, from the extremely high activity of amylsodium to the 
extremely low activity of the alkoxides, the latter so weak that heat and vacuum 
must be used to remove one component of an equilibrium, after the manner 
used by McElvain and co-workers? in the action of sodium ethoxide on esters. 
All results are listed in Tables I to IV inclusive, and in each table the order from 
top to bottom is the order of increasing severity or condition of use. Gel 
formation follows approximately this same order. A similar series of tests, 
applied to Alfin polybutadiene and polyisoprene, gave in general similar results 
(see Table V). 

TABLE I 


EFFECT oF ALKOXIDES ON NATURAL RUBBER UNDER CONDITIONS THAT 
SHouLp Errect METALATION 


Percentage of product 
a 


Max. a 

temp. Pressure soluble insol.4 in 

Alcohol+ CC) Time?’ (microns) E in C B solvents 
Me:-CHOH 80 lid R° 60 10 Trace , 
EtOH 100 49 h 0.4 60 10 ad 7 
Me-CHOH 100 46h 1-50 60 7 20 ns 
MesCHOH 100 72h 1.503.0 20 33 ae 4 
Ets-CHOH 100 45h 1-50 40 27 13 se 
EtMe2,COH 100 47h 2.7-15 20 20 te 40 
EtOH 150 24 h 2-5 13 7 33 53 
EtOH 150 24h 1.1-3.2 7 13 20 40 
Me2COH 150 24h 0.7-1.5 13 13 7 53 





«In this column Me = CH;, Et = CoHs. &d = days; h = hours. ¢ The solvents used were either 
(E); chloroform (C) and benzene (B). ¢ The blank spaces in these columns may mean that the values were 
undetermined. The sum of the values is not exactly 100 percent, because of losses or occlusion of solvent. 
¢ In this experiment the mixture was refluxed in benzene as a solvent. 


* Reprinted from the Journal of the American Chemical Society, Vol. 70, No. 9, pages 3132-3135, 
September 1948. The work is part of the research program carried out during the War under the sponsor- 
ship of the Rubber Research Company. 
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X-RAY EXAMINATION OF BUTADIENE POLYMERS 


TABLE II 
EFFECT OF PHENYLSODIUM ON NATURAL RUBBER? 


Percentage of product 
A. 





solublee in 
» = 





Time insol. in 
Expt. Cond.’ ( (hrs.) > Cc solvents 
10 Sta. f 24 13 
11 Sta. 119 33 27 
13 HSS. 5 33 pi 
14 HSS. 4.5 3 30 
«The amount of rubber used was 0.022 mole, calculated on the basis of the number of CsHs units. 
The amount of phenylsodium was the same. © For the conditions listed in this column, Sta. means standing 


and HSS. means high-speed stirring. * The letters E, C and B refer to ether, chloroform and benzene, 
respectively. 


TABLE III 


METALATION OF NATURAL RUBBER BY AMYLSODIUM® IN 
THE H1iGH SPEED STIRRING APPARATUS 


Percentage of product 
A 





RONa? solublee in 
mole Temp. —_—- insol. 

Expt. equiv. (°C) , B solvents 

16 None 20 33 53 

17 None 40 1 87 

18 None 60 1 80 

19 None 80 87 

20 0.5 20 3 80 

21 1.0 20 ] 80° 
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«The amounts of amylsodium and rubber were 0.044 and 0.022 mole, respectively, the latter being 
based on the amount of CsHs units present. & R = the isopropyl radical. ¢ The letters E, C and B refer 
to ether, chloroform and benzene, respectively. 4 In this experiment the mixture was stirred for two hours, 
and then allowed to stand for three and one-half hours longer. «¢ The gel content of the rubber before sol- 
vent extraction was 89 per cent, measured in the conventional manner. The swelling volume of the gel 
was 11.8. An analysis of the total rubber showed C, 68.7; H, 9.4; Na, 4.4, and O (by difference) 17.5. 
Small portions of this rubber were alkali water-soluble. The sodium is exceedingly difficult to remove by 
washing because of the insolubility of the product. 


TaBLE IV 
Errect® oF 1-PENTENYLSODIUM ON NATURAL RUBBER 


Percentage of product 
A... 





~\ 


Molal ratio solubleé in 
RNa to Time —_ —  insol. in 
Expt. R’ONa? (hrs.) E Cc solvents Gel 





[Control } 25 vit 
22 None‘ 73 
23 é 69 36 14 
24 7 7 51 19 
25 33 3 57 14 
26 1 52 58 15 


« The amount of 1-pentenylsodium was estimated at 0.044 mole based on a yield of 80 per cent amyl- 
sodium and complete utilization in the metalation of l-pentene. The natural rubber amounted to 0.022 
mole, referred to the number of isoprene units. The temperature of reaction was 20°C. The product was 
carbonated at the end of each reaction but no alkali water-soluble rubber was obtained. © R = pentenyl 
radical; R’ = isopropyl. ¢ Values for the rubber before treatment with any reagent. 4 E and C have the 
same meaning as in the previous tables. ¢« No isopropoxide was present in the experiment. / An ordinary 
gel determination of the rubber before solvent extraction showed 58.4 per cent gel. Analysis of the rubber 
before solvent extraction showed C, 57.2; H, 11.2; Na 2.0; O (by difference) 29.6. Analysis of the chloro- 
form-soluble part showed C, 88.4; H, 10.9; O (by difference) 0.7. 
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TABLE V 


Errect* or Various ALFIN CATALYSTS AND ORGANOSODIUM 
REAGENTS ON ALFIN RUBBERS 


Catalyst¢ Intrinsic 
Expt. Polymer? or reagent Gel Lv: viscosity 
Polybutadiene None 7.1 
27 PP; 
28 a4 
Polyisoprene None 
29 PP¢ i 
30 P,P4 12 
31 Allyl Na4 19. 3 12 


@ The reaction took place for five and one-half hours at 20°. & The polybutadiene was prepared _ a 
catalyst made from 2-pentanol and 1-hexene, commonly designated as a P2H: catalyst. Phe dlyiso- 
prene was made with the PP or allylsodium-sodium isopropoxide catalyst. ¢ The letters refer to the com- 
ponents used in making the catalyst, the first letter to the alcohol and the second to the olefin’. PP; = Pro- 
panol-2 and 1-pentene, respectively. PP = Propanol-2 and propylene, respectively. P2P = Pentanol-2 
and propylene, respectively. 4 Quantities of reagents are not equivalent. 


TaBLe VI 
Errect oF ALKALI METAL ON NATURAL RUBBER? AT 
REDUCED PRESSURE 


Percentage of 
product soluble ¢ in 





Metal Max. temp. Time? at Pressure cr — 
(g.) (°C) max. temp. (microns) E Cc B 
32 None? Room 80 
150-170 6h 
33 None 170-180 30 m 1-3 47 13 
180 15m 
34 Na 5 150-180 100 m 17-50 40 7 
35 Na 5 150 50h 0.4-1 27 7 
36 Na 5 230° 25h 1.7-12 20 13 
37 K5 180° 30h 1.5-5.5 20 33 
«1.5 g. of rubber was used in each test. 6m = min ;h =hours. ¢E = ether, C = chloroform 


and B = benzene. 4 Control test of the solubility of the nm onl ¢ At this temperature the metal vaporized 
and deposited a mirror in the neck of the flask. 


TABLE VII 


Errect oF Soptum METAL RUBBER® IN THE PRESENCE OF SODIUM 
ISOPROPOXIDE AND IN THE HIGH-SPEED STIRRING APPARATUS 


Percentage of product Approx. 
Isopropyl r ~~ —, mol. wt. 
Sodium alcohol Sol- Temp. Time soluble insol. in of E sol. 

Expt. (mole) (mole) vent? (°C) (hrs.) Ee inC B _ solvents fract. 
38 0.088 0.017 B 80 4.5 47 3 7 33 50,000 
39 F .017 To 109 5.5 73 at. 45,000 
40 r .017 4 140 5 27 33 7 13 
5 
5 
5 





41 J .017 Cu 150 73 1 3 
42 ‘ 1 Cu 150 20° 40 5 20 
43 ‘ 0 Cu 150 130/ 13, 000 


* Rubber 1.5 g. was used. *B = benzene; To = toluene; X = xylene;Cu =cumene. ¢E = ether; 
C =chloroform; B = benzene. 4 Only one gram of rubber was used in this experiment. ¢ Some un- 
saturated (to permanganate) organic acids, soluble in water were obtained also, from this reaction. / The 
yield was over 100% for reasons not yet unders 


Alfin catalysts contain also minute amounts of metallic sodium left over 
from the initial reaction of sodium with the alkyl halide used in preparing the 
catalyst. It is necessary to know whether an alkali metal will also cause cross- 
linking and metalation. Tests of the action of alkali metal on natural rubber 
under heat and vacuum (Table VI) and in the high-speed stirring apparatus 
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(Table VII) showed no cross-linking. If any change occurred, it was in the 
direction of lower molecular weight. Tests of the action of sodium or potas- 
sium on comparatively strong hydrocarbon acids, such as fluorene, triphenyl- 
methane, and diphenylmethane, showed that metalation occurred under ap- 
propriately vigorous conditions (Table VIII), but only with fair to poor yields, 
respectively. Similar tests on the less acidic toluene (Table IX) showed that 
metalation was slight and was not greatly facilitated by the presence of di- 
phenyl- or triphenylmethane. Therefore the traces of metallic sodium present 
with the Alfin catalyst do not appear to have any influence on the formation 
of gel. 


TABLE VIII 


AcTION OF SopIUM AND PorasstumM METAL ON HyDROCARBONS THAT PROBABLY 
Have A GREATER HyprocarBon Acipity THAN Dors RUBBER 


Isopropyl Product 
Hydrocarbon? (g.) Metal (g.) cinekat Sol- React. Temp. RCO:H— 
Expt. ~ len ~ (g.) vent> cond.¢ (°C) Time# (%) 
44 I B 
45 1 B 
46 1 
47 13 
48 6.5 
49 None 
50 6.5 
6.5 
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«Tr =triphenylmethane; F = fluorene; Di = diphenylmethane. ®B = benzene; X = xylene. 
¢R = reflux; S = stirred. ¢d = days; h = hours. ¢« RCO:H refers to the carboxylic acid derived from 
the hydrocarbon being treated with the metal. / A mixture of hydrocarbons was used in the hope that 
metalation of the one present in smaller amount would facilitate metalation of the other. 


TABLE [X 


METALATION OF TOLUENE AND OTHER HybDROCARBONS BY POTASSIUM 
Mera In Borwtinc To.LuENE For Four Hours 


Products, % 
A. 


Alcohol? PhCH>:- 
(g.) RCO:He CO:2H¢ 

None 2:7 

I 6.4 10. 

sB 8.1 4.9 

D 10.9 2 

I 6.4 99 ome 

None 98 

None 39 

I 6.5 62 4.1 


4To = toluene, present as the solvent; Di = diphenylmethane; Tr = triphenylmethane. °I = iso- 
propyl; sB = s-butyl; D = diethylearbinol. ¢ RCO2H = the carboxylic acid derived from hydrocarbons 
other than toluene. 4 The yield was calculated on the basis of the available metal. ¢ Attempts to reproduce 
this result yielded no higher than 4%. 
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EXPERIMENTS 


The experimental methods used are, in general, identical with those de- 
scribed in earlier publications as far as the preparation of phenylsodium‘, 
amylsodium?, allylsodium? and the Alfin catalysts! are concerned. The high- 
speed stirring apparatus also has been described elsewhere’. The natural 
rubber was a sample of deproteinized material obtained through the courtesy 
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of J. T. Blake’. Intrinsic viscosities and sol gel determinations were carried 
out in benzene solution by the method commonly used in the work on the 
rubber project’. 

Rubber and sodium alkoxides—The usual method was to dissolve 1.5 gram 
of rubber in benzene, add 2 grams of sodium metal and a small excess of the 
alcohol. The mixture was allowed to react or was refluxed, if necessary, under 
an atmosphere of nitrogen for a long time. In Experiment I, Table I, the 
mixture was poured onto dry ice after refluxing. In the other experiments of 
the table, benzene and excess alcohol were removed by an aspirator pump, the 
flask was transferred to a molecular still, and heat and high vacuum were 
applied as specified in the table. The product was carbonated by admitting 
carbon dioxide, cooling and adding solid carbon dioxide. When the carbon 
dioxide had evaporated, 200 cc. of alcohol was added to destroy traces of 
sodium metal that might still be present and to dissolve soluble sodium salts. 
After two hours of refluxing, the alcoholic solution was removed and treated 
with water and acid to recover any soluble portion. The residue was also 
treated with acid (100 ec. of 6 N acid) the acid subsequently removed, the 
rubber washed free of chlorine ion (silver nitrate test), and the residue refluxed 
for four hours with 200 ec. of ethyl ether. Filtration of the ether extract 
through glass wool and evaporation yielded the ether-soluble rubber. The 
portion insoluble in ether was similarly treated with 100 cc. of chloroform for 
four hours and the residue from that treatment was extracted with 100 ce. 
of benzene for four hours. 

Phenylsodium and rubber.—Phenylsodium was made from 2.5 grams (0.022 
mole) of chlorobenzene and sodium sand in a total volume of 160 ce. of thio- 
phene-free benzene in the usual way. The mixture was forced by nitrogen 
pressure into a solution of 1.5 grams of rubber in 100 ec. of thiophene-free 
benzene. The viscous mixture was allowed to stand for the period given in 
Table II, after which it was forced onto solid carbon dioxide. Subsequent 
recoveries of rubber were as described in the previous section. The operations 
with stirring were in general the same as when the mixture was allowed to 
stand. Other conditions and results are given in Table II. 

Amylsodium and rubber.—The quantities of amyl chloride and sodium used 
for preparing amylsodium were such as to give 0.044 mole in each experiment 
based on an 80 per cent yield. If isopropyl alcohol was added to this mixture 
to form the isopropoxide, enough additional amylsodium was prepared to 
allow for this consumption. Rubber, 1.5 grams, was shredded and added to 
the reaction mixture. For the reaction at 20° the solvent was pentane; for the 
higher temperatures it was cyclohexane. The products were handled as before. 
The results are given in Table ITI. 

Pentenylsodium and rubber.—The preparation of amylsodium was carried 
out in the usual manner, but with 1-pentene as a solvent?. Isopropoxide was 
obtained when desired by addition of the requisite quantity of isopropyl 
aleohol to 1-pentenylsodium. Rubber was added and the products separated 
as described in the previous section. The results are given in Table IV. The 
gel, swelling volume (S.V.) and intrinsic viscosity were determined by standard 
methods. 

Alkali metals and rubber.—Sodium (5 grams) was shaken in 100 ce. of hot 
sulfur-free toluene. Rubber (1.5 grams) was then added and dissolved in 60° C. 
An atmosphere of nitrogen was maintained. After removal of as much of the 
toluene as possible by use of an aspirator, the remainder was removed under a 
molecular still, Heat and vacuum was applied as described in Table VI. 
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Carbon dioxide was then admitted, the reaction mixture cooled, and treated 
with solid carbon dioxide. The rubber was washed and fractionated as de- 
scribed below. The results are given in Table VI. 

Reaction of metals with hydrocarbons.—The hydrocarbon in the quantities 
specified in Tables VII and VIII was dissolved in 40 cc. of benzene or xylene. 
Sodium was cut into small pieces and added. Alcohol was added as specified ; 
the mixture was refluxed under an atmosphere of dry nitrogen. After the 
period of time specified in the table the mixture was carbonated by forcing it 
onto solid carbon dioxide. Alcohol, 100 ce., was added to destroy the sodium. 
Water, 13 ec., was then added and the solution heated on a water-bath to 
evaporate the alcohol. The aqueous solution was extracted with petroleum 
ether and with benzene and was then acidified with hydrochloric acid. The 
acid solution was then extracted with three 100-cc. portions of benzene and 
with three 100-ce. portions of ether. 

The procedure was, in general, the same when the mixtures were stirred 
instead of refluxed. Usually the carboxylic acid precipitated on addition of 
hydrochloric acid and a single crystallization gave fairly good material. Tri- 
phenylacetic acid, recrystallized once from benzene, melted at 256.5-258.5° C 
(the recorded’? value is 264-265° dec.), fluorene-9-carboxylic acid, recrystallized 
once from alcohol, melted at 216-218° C (a recorded" value is 220-222°), and 
phenylacetic acid, as obtained by evaporation of the ether extract, melted at 
70-72° C (recorded value 76.7°). 


SUMMARY 


When metalating agents act on natural or Alfin rubber, gel is formed. 
The amount of gel increases with the activity of the metalating agent and the 
severity of the conditions under which it is used. 

Metallic sodium or potassium does not cause gel to form in natural rubber. 
Under very severe conditions these metals metalate the highly active hydro- 
carbons, fluorene, triphenylmethane and diphenylmethane, in fair to poor 
amounts, depending on the hydrocarbon, but they metalate toluene only 
slightly, even under highly favorable conditions. 


REFERENCES 


! Morton, Magat, and Letsinger, J. Am. Chem. Soc. 69, 950 (1947). 

2 Morton and Holden, J. Am. Chem. Soc. 69, 1675 (1947); Morton, Brown, Holden, Letsinger, and Magat, 
J, Am, Chem, Soc. 69, 2224 (1947). 

3 Morton and Wohlers, J. Am. Chem. Soc. 69, 167 (1947). 

* Morton, Brown, and Magat, J. Am. Chem. Soc. 69, 161 (1947). 

5 McElvain, J. Am. Chem. Soc. 51, 3124 (1929) ; Roberts and McElvain, J. Am. Chem. Soc. 59, 2007 (1937) ; 
Cox and McElvain, Organic Syntheses 17, 54 (1937). 

* Morton and Letsinger, J. Am. Chem. Soc. 69, 172 (1947). 

7 Morton and Redman, Ind. Eng. Chem. 40, 1190 (1948). 

*The authors are greatly indebted to J. T. Blake of the Simplex Wire & Cable Company, Cambridge, 
Mass., for his coéperation. 

* Baker, Mullen, and Walker, private communication. 

10 Schmidlin, Ber. 39, 636 (1906). 

" Friedlander, Ber. 10, 536 (1877). 

”® Huntress and Mulliken, ‘‘Identification of Pure Organic Compounds: Order I’, John Wiley & Sons, 
New York, 1941. 





THE REACTION OF SULFUR AND SULFUR COM- 
POUNDS WITH OLEFINIC SUBSTANCES. IV. THE 
THERMAL DECOMPOSITION OF ORGANIC 
POLYSULFIDES, AND ITS CONTRIBUTION 
TO THE SULFUR OLEFIN-REACTION * 


GrEoRGE F. BLOOMFIELD 


British Ruspsper Propucers’ RESEARCH ASSOCIATION, WELWYN GARDEN Cry, 
HERTFORDSHIRE, ENGLAND 


Since polysulfides are the principal products of the reaction of sulfur with 
olefins', an understanding of their thermal stability and of their further reaction 
with olefins is clearly of importance in clarifying the general problem of chemical 
changes associated with the olefin—-sulfur reaction and the related problem of 
rubber vulcanization. 

The structure of polysulfides has long presented difficulty with respect to 
the necessity for deciding between their representation by the wholly linear 
structures (I) or by coérdinated structures of type (II) or (III). Based prin- 
cipally on evidence provided by x-ray data? and by the lability of a considerable 


S 


R-8S-8....8-R R-S-S-R | ig Cl-S-8-Cl C1-8-Cl 


(I) (IT) (IID) (IV) (V) 


portion of the sulfur atoms on treatment with alkali or with sodium sulfite‘, 
a coérdinated structure has been generally assigned to those polysulfides ob- 
tained by the interaction of organic halides and alkali polysulfides. Evidence 
based on the lability of sulfur atoms is, however, no certain criterion of the 
presence of coérdinated sulfur atoms, since it is now shown that a comparable 
lability is exhibited by two of the four sulfur atoms in tetrasulfides obtained by 
the interaction of thiols and sulfur monochloride. Whether one accepts a 
linear (IV) or branched (V) structure for sulfur monochloride, it follows that 
three of the four sulfur atoms of the derived tetrasulfide must be in a linear 
chain, so when two sulfur atoms are removed, at least one of them must have 
been abstracted from a linear chain. The electron-diffraction investigations of 
Palmer® indicate the linear structure (IV) for the monochloride, and since, 
moreover, a recent ultraviolet absorption study by Koch* provides convincing 
evidence of a linear structure of some of the organic polysulfides which form the 
basis of the present work, it seems fully justifiable to assume linear structures 
both for the tetrasulfides prepared by the interaction of thiols with sulfur mono- 
chloride and for the polysulfide products of the sulfur—olefin reaction. The 
chemical behavior of these polysulfides is not at variance with the assumption 
of a linear structure, nor is a linear structure inconsistent with the ring formula- 
tion of the polymeric organic polysulfides’. 


* Reprinted from the Journal of the Chemical Society, 1947, pages 1547-1551. 
348 
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The precise mechanism of the removal of sulfur from polysulfides by sodium 
sulfite or sodium hydroxide is not altogether clear, although, when the former 
reagent is used, it appears certain that the polysulfide is converted mainly 
into disulfide*, although a small proportion (not exceeding 10 per cent) of it 
undergoes reduction to thiols. Probably there is fission of the sulfur chain, 
giving thio radicals, which recombine to form disulfides, or, to a small extent, 
are reduced to thiols, while the sulfur liberated converts sodium sulfite into 
thiosulfate. 

Although the thermal decomposition at 170—180° of some polysulfides con- 
taining olefinic unsaturation gives thiols and hydrogen sulfide, together with a 
sulfurated product of much reduced hydrogen content! it is now found that the 
thermal decomposition of a saturated tetrasulfide at somewhat lower tempera- 
tures (140-150°) gives only disproportionation products (lower and higher 
polysulfides), neither thiol nor hydrogen sulfide being formed. Moreover, 
at temperatures below 120°, the tetrasulfides could generally be distilled un- 
changed. 

Interaction of a polysulfide R-S,-R with cyclohexene in the temperature 
range 140-180° gave sulfurated products of the type R-S,-R’ (y < 2), in 
which R was an organic group from the original polysulfide and R’ was cyclo- 
hexyl or cyclohexenyl, together with disulfides R.S. derived from the original 
polysulfide, and cyclohexyl cyclohexenyl di- and poly-sulfides. The latter were 
similar to the polysulfides resulting from the reaction of sulfur itself with cyclo- 
hexene, but contained a smaller sulfur chain. Diethyl tetrasulfide and cyclo- 
hexene yielded rather complex mixtures in which the more volatile components 
could not be adequately separated by distillation, so it was not possible to 
confirm or to exclude the presence of either the cyclohexanethiol or the cyclo- 
hexene episulfide expected from the work of Jones and Reid®. The presence of 
some cyclohexylethyl sulfide was, however, established beyond doubt by the 
isolation of cyclohexylethyl sulfone on oxidation of the most volatile portion of the 
reaction product. When polysulfides containing larger organic groups were 
used, the separation of volatile components was facilitated, although the separa- 
tion of nonvolatile components became correspondingly more difficult. In 
spite of the most careful search, cyclohexene episulfide could in no case be 
detected, and the total amount of cyclohexanethiol formed, together with 
thiols derived from the original polysulfide, was extremely small. The most 
volatile products in every instance consisted of mixed monosulfides of the type 
CsHii:8S-R, R being an organic group of the original tetrasulfide, although when 
di-p-chlorophenyl tetrasulfide reacted with cyclohexene some dicyclohexyl 
sulfide was formed in addition to p-chlorophenyl cyclohexyl sulfide. The origin 
of the dicyclohexyl sulfide in the latter case is obscure. 

Unsaturated polysulfides obtained by reaction of sulfur with cyclohexene 
reacted at 140° with further cyclohexene to give polysulfides with shorter 
sulfur chains, separable into components, none of which appeared to be of 
greater sulfur chain-length than a tetrasulfide, with an increasing tendency 
towards saturation in the more volatile components. The amount of material 
available did not, however, permit of the isolation of a monosulfide. 

It is, accordingly, suggested that the thermal decomposition of polysulfides 
at temperatures below 180° involves thermal fission of —S—S— bonds. In 
the absence of a second reactive substance, recombination of fission products 
regenerates the polysulfides or gives disproportionation products by union of 
dissimilar fission products. In the presence of an olefin, the fission products 
(or the thiols derived therefrom by hydrogen capture) may either add to the 
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ethylenic linkage, forming, ultimately, a saturated sulfide, or the fission product 
may link with an allylic radical to form an unsaturated mono-, di-, or poly- 
sulfide. Simultaneously, reaction occurs between the olefin and sulfur liber. 
ated from the sulfur chain of the polysulfide, and since the sulfur may be pre- 
sumed to be liberated in a rather reactive (possibly atomic) form, the length of 
the sulfur chain in these products is not large. 

It follows that, in the reaction of sulfur with olefins, secondary products 
resulting from the reaction of primarily formed polysulfides with the olefins 
are to be expected, especially when the olefin is present in considerable excess, 
When polysulfides reacted with dihydromyrcene, a considerable quantity of 
dihydromyrcene cyclic sulfide, identical with that obtained from dihydro- 
myrcene and sulfur? (Farmer and Shipley, Part I), was formed. Of particular 
interest from the point of view of the general reaction of sulfur with poly- 
isoprenes is the ready formation of the cyclic sulfide when dihydromyrcene 
polysulfide itself was heated with dihydromyrcene, and it is hoped soon to 
ascertain whether the cyclic sulfide formed in the reaction of polyisoprenes with 
sulfur is a primary product of the olefin—sulfur reaction, or a secondary product 
formed solely by interaction of polyisoprene polysulfides with the excess of 
hydrocarbon usually present in these reactions. 

Since it is now generally accepted that rubber vulcanization requires the 
presence of intermolecular cross-linkages, the combination with rubber of 
sulfurated fragments of polysulfides alone should not cause vulcanization unless 
the sulfurated fragments are themselves polyfunctional'®, Dialkyl tetrasulfides 
react fairly readily with rubber, giving soluble products containing 2 or 3 
units per cent of combined sulfur, which is undoubtedly contained in sulfurated 
polysulfide fragments added at ethylenic centers of the rubber, since it is well 
established that products of the reaction of sulfur with rubber, containing con- 
siderably less combined sulfur, are quite insoluble. Both the H:C ratio and 
loss of unsaturation of these tetrasulfide-rubber reaction products are consistent 
with the postulated incorporation of sulfurated fission products with the rub- 
ber; moreover, the product of interaction of di-p-chlorophenyl tetrasulfide 
with rubber contains chemically combined chlorine as well as sulfur. The 
insolubility of the latter product is attributed to the presence of sulfur in excess 
of that resulting from simple addition of sulfurated polysulfide fragments, and 
it appears certain that some degree of cross-linking has been brought about by 
the reaction of sulfur itself, liberated from the sulfur chain of the polyslufide. 
These ideas are consistent with Throdahl and Beaver’s observation" that, 
although dialkyl tetrasulfides are incapable of vulcanizing rubber, yet some 
degree of vulcanization is observed witli certain aromatic polysulfides. 

It is known that, in dehydrogenation reactions at elevated temperatures, 
disulfides are as effective as sulfur itself, the disulfide linkage undergoing clea- 
vage”. If thermal dissociation of disulfides into RS- radicals" is appreciable 
at 140°, then it might be expected that disulfides in the presence of sulfur and 
an olefin would react essentially as polysulfides, and, furthermore, disulfides 
themselves might be expected to enter into reaction with olefins. Only scanty 
evidence of the latter type of reactivity has been obtained with disulfides at 
temperatures below 180°, and diphenyl disulfide, which might be expected to 
dissociate rather more readily than dialkyl disulfides, proved to be entirely 
without action on cyclohexene at 180°. Farmer and Shipley have, however, 
observed the formation of considerable amounts of mercaptobenzothiazole 
on heating together benzothiazole disulfide and cyclohexene at 140°. Diethyl 
disulfide and sulfur, heated together at 140-150°, gave no more than trace 
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amounts of polysulfide, and when there was also an olefinic substance present, 
reaction occurred exclusively between the sulfur and the olefin, giving the usual 
polysulfide products, without any indication of participation of the dialkyl 
disulfide. 

EXPERIMENTAL 

Microanalyses were carried out by W. T. Chambers, (Miss) E. Farquhar, 
and (Miss) H. Rhodes. Olefinic unsaturation was determined by bromine 
addition". ’ 

All the experiments with polysulfides were conducted in sealed glass tubes 
or glass flasks. 

Preparation of tetrasulfides—Tetrasulfides were prepared by a modification 
of the method described by Bezzi!®. A 10% solution of sulfur monochloride 
(1 mol.) in carbon disulfide was added at room temperature to a 10% solution 
of the appropriate thiol (2.1 mols.) in the same solvent, and as soon as the ini- 
tial brisk evolution of hydrogen chloride had subsided the solution was gently 
boiled for 30 minutes under a reflux condenser. The solvent was then removed 
at room temperature under reduced pressure, and, with the exception of di-p- 
chlorophenyltetrasulfide, which crystallized from the residue, the residual 
tetrasulfide was finally distilled. 

Properties of tetrasulfides—Dviethyl (sample A) had b.p. 58-60 /0.1 mm., 
nv’ 1.6172; di-n-butyl was molecularly distilled at 56° in a falling-film molecular 
still’® and had nj?” 1.5772; ditsoamyl, molecularly distilled at 56°, had n?0° 1.5542; 
dicyclohexyl, molecularly distilled at 100°, had n7?° 1.6050 (Found: C, 49.0; 
H, 7.45; 8, 43.3. Ci2HoS, requires C, 48.95; H, 7.55; S, 43.5%); diphenyl, 
molecularly distilled at 110°, had n??° > 1.7; di-p-chlorophenyl, recrystallized 
from light petroleum, had m.p. 57° (Found: C, 40.65; H, 2.35; Cl, 20.3; 
$, 36.25. CieHsCl.S, requires C, 41.05; H, 2.30; Cl, 20.2; S, 36.5). The 
author is also indebted to F. W. Shipley for a sample (B) of diethyl tetrasulfide, 
b.p. 45°/0.01 mm., nj?” 1.610, prepared by interaction of ethyl iodide and sodium 
tetrasulfide. The proportion of the total sulfur content (hereinafter designated 
“removable sulfur’) removable by a boiling 10% aqueous solution of sodium 
sulfite was determined for each of these tetrasulfides (Table I). 


TABLE | 
Removable sulfur (%) 


8 hrs. at 100° 


Tetrasulfide 3 hrs. at 100° 
Diethyl (A) 50 
Diethyl (B) ¢ not determined 
Di-n-butyl 45 
Diisoamyl 50 
Dicyclohexyl 44 
Dipheny] 52 
Di-p-chlorophenyl ; 50 


Thermal decomposition of dicyclohexyl tetrasulfide—The tetrasulfide (17.1 g.) 
in purified cyclohexane (50 ¢.c.) was heated for 4 hrs. at 140°, air being ex- 
cluded. Molecular distillation of the solvent-free product yielded a relatively 
small amount (2.9 g.) of material of reduced sulfur content which had 7" 1.5816 
(Found: C, 53.7; H, 8.35; S, 38.0; removable §, 3 hrs., 25.2, 8 hrs., 31.8%), a 
considerable amount (9.6 g.) of mainly unchanged dicyclohexyl tetrasulfide, 
nis’ 1.6032 (Found: C, 49.75; H, 7.55; S, 42.3; removable §, 3 hrs., 9.2; 8 hrs., 
37.2%), and a relatively small amount (1.7 g.) of viscous dicyclohexyl hexasul fide, 
ny’ 1.664 (Found: C, 39.8; H, 6.15; 8, 53.7; removable S, 3 hrs., 43.2, 8 hrs., 
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49.2. Cy2HoS¢6 requires C, 40.2; H, 6.2; 8, 538.6%). The infrared spectrum 
of the hexasulfide revealed no unsaturation. 

Reaction of tetrasulfides with olefins —(1) Diethyl tetrasulfide and cyclohexene, 
—The tetrasulfide (sample A, 20 g.) and cyclohexene (50 cc.) were heated to- 
gether for 4 hrs. at 140° in the absence of air. After removal of unchanged 
cyclohexene (34 g.), the product was separated into a wide range of fractions, 
b.p. 35-75°/0.1 mm. (total weight 18 g.), leaving a viscous residue (6 g,), 
care being taken to avoid heating above 130° during the distillation. The 
recovered cyclohexene contained a trace of ethanethiol, but no carbon disulfide 
could be detected. Redistillation of the volatile portion of the reaction product 
gave the following main fractions: (1) b.p. 75-77°/13 mm. (3.5 g.), nly 1.5304 
(Found: C, 46.05; H, 8.55; 8, 46.0; removable S, 2 hrs., 25.9%); (ii), b.p. 
77-79°/13 mm. (2.4 g.), nb’ 1.5388 (Found: C, 42.35; H, 8.05; S, 48.95; re- 
movable §, 2 hrs., 28.8%); (iii) b.p. 79°/13 mm. (1.4 g.), n° 1.5490 (Found: 
C, 38.4; H, 8.25; S, 53.4; removable §, 2 hrs., 30.5%), and (iv) b.p. 55-75°/0.1 
mm. (8.4 g.), n{j° 1.5970 (Found: C, 34.7; H, 6.4; 8, 59.3; removable S, 2 hrs., 
47.3%). Further fractionation of fraction (iv) gave subfractions of unchanged 
n. Since the H:C ratio of fractions (i), (ii), and (iv) indicated the presence of 
a considerable proportion of cyclohexyl groups, the most volatile fraction (i) 
was,reduced by sodium in alcohol, whereby di- and polysulfides were converted 
into sodium mercaptides. Oxidation with acid permanganate of the alkali- 
insoluble components of the reduced product gave cyclohexyl ethyl sulfone, m.p. 
34° (Found: C, 54.55; H, 9.30; 8, 18.1. CsH1.0.S requires C, 54.55; H, 9.15; 
S, 18.2%). The nonvolatile portion of the original reaction product contained 
mainly cyclohexyl and cyclohexenyl groups (Found: C, 38.6; H, 5.7; 8S, 54.5; 
removable §, 4 hrs., 51%). Only a trace of cyclohexanethiol was detected in 
the reaction product, and no cyclohexene episulfide was isolated. 

(2) Ditsoamyl tetrasulfide and cyclohexene.—The tetrasulfide (17 g.) and 
cyclohexene (50 cc.) were heated together for 4 hrs. at 180° in the absence of air. 
Distillation of the reaction product yielded (a) unchanged cyclohexene (25 cc.), 
(b) a fraction, b.p. 60-75°/0.01 mm. (21.2 g.), and (c) a residue (15.7 g.) not 
distillable below 100°/0.01 mm. The unchanged cyclohexene was carefully 
redistilled (Fenske column) and the residue was united with traces of liquid of 
b.p. < 60°/0.01 mm. isolated during the preliminary separation; the combined 
liquids (0.5 g.), redistilled at 13 mm., consisted entirely of thiols (Found: 
C, 64.8; H, 10.4; S, 24.8; active H, 0.75% = 24.0% S as -SH). Fraction (b) 
was redistilled at 0.1 mm., and yielded mainly cyclohexyl isoamyl sulfide 
(12.5 g.), b.p. 58-60°, nz?” 1.4860 (Found: C, 70.2; H, 11.6; S, 18.2; removable 
S, nil. Cale. for Ci:H22S: C, 71.0; H, 12.0; S, 17.2%), together with the 
following fractions of higher sulfur content: (i) b.p. 60-62° (2.7 g.), n?0” 1.4909 
(Found: C, 69.75; H, 11.45; 8, 18.75%); (ii) b.p. 62-65° (0.6 g.), n?0° 1.5018; 
(iii) b.p. 65-70° (2 g.), n3P° 1.5142 (Found: C, 68.55; H, 10.7; S, 20.5%), and 
(iv) b.p. 70-75° (2.2 g.), n7%° 1.5218 (Found: C, 65.25; H, 10.2, S, 24.4; re- 
movable §, 3 hrs., 12%; M, 198; I. V., 46). Permanganate oxidation of the 
bulk fraction of cyclohexyl isoamyl sulfide gave the sulfone (yield, 60%), m.p. 
57—58° (Found: C, 60.25; H, 10.2; 8, 14.7%. Cale. for Ci:H22SO2: C, 60.5; 
H, 10.2; 8, 14.65%), which had mixed m.p. 57° with an authentic specimen of 
m.p. 57° (Cunneen, this vol., p. 36). The non-distillable residue (c) was 
passed through the molecular still at 56°, at which temperature about half 
of the material was volatile. The distillate (6.3 g.), a pale yellow mobile oil, 
had n79° 1.5458, and consisted mainly of disulfides (Found: C, 63.8; H, 9.55; 
S, 26.85; removable 8, 8 hrs., 1.5%; M, 215). The brown, rather viscous resi- 
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due (6.1 g.), n3?” 1.5818, was of greater molecular complexity (Found: C, 61.35; 
H, 8.4; 8, 30.0; removable §, 8 hrs., 10.7%; M, 318). Infrared examination of 
both distillate and residue showed the presence of isoamyl groups, and also 
revealed the presence of unsaturation of an apparently conjugated type. 

A similar experiment conducted at 140° with 12.7 g. of the tetrasulfide gave 
no cyclohexene episulfide and no more than a trace of thiols. Some cyclo- 
hexyl isoamyl sulfide (2.9 g.) was isolated from the crude reaction product; 
on passing the remainder through the molecular still the volatile portion (7.4 g.), 
containing considerable unchanged dtisoamyl tetrasulfide, had nj?’ 1.5481 
(Found: C, 48.05; H, 8.55; 8, 43.1; removable §, 3 hrs., 37.0; 8 hrs., 43.5% 
M, 250), but the nonvolatile residue (2.1 g.) had nj” 1.5958 and probably 
consisted mainly of cyclohexyl isoamyl polysulfide and cyclohexenylisoamyl 
polysulfide (Found: C, 43.35; H, 7.0; 8, 48.3; removable §, 3 hrs., 45.2; 8 hrs., 
53.0%; M, 312. Cale. for CsHiiS4.c6CeHi0.2: M, 301). The high proportion 
of removable sulfur after 3 hrs. at 100° indicates the absence of any appreciable 
amount of dicyclohexyl tetrasulfide. Treatment of the nonvolatile residue 
with further cyclohexene for 3 hrs. at 140° gave an increase in weight of 23%, 
and pot-still molecular distillation of the product gave two fractions of sub- 
stantially lower sulfur content than the original material; the distillate had 
nw 1.5358 (Found: C, 56.7; H, 9.3; S, 33.85; removable 8, 3 hrs., 28.7; 8 hrs., 
30.7%, corresponding to CsHi:Se.sCsHio.s) and the residue had n?° 1.6062 
(Found: C, 48.95; H, 7.4; S, 42.8; removable S, 3 hrs., 29.7; 8 hrs., 39.2%, 
corresponding to CsHi:83.sCeHio. 

(3) Dicycloheryl tetrasulfide and cyclohexene.—9.2 g. of the tetrasulfide, 
heated for 3 hrs. at 180° with excess of cyclohexene, gave 9 g. of dicyclohexyl 
sulfide free from unsaturation (Found: C, 72.7; H, 11.2; S, 16.2. Cale. for 
CyeHoeS: C, 72.7; H, 11.15; S, 16.15%), together with higher sulfides containing 
unsaturation, e.g., a disulfide (5.8 g.), b.p. > 100°/0.01 mm., n?# 1.5792 
(Found: C, 61.6; H, 8.75; S, 29.3%). Oxidation of the dicyclohexyl sulfide 
gave dicycloheryl sulfone, m.p. 132.5°, in 80% yield (Found: C, 62.4; H, 9.7; 
8, 13.65. Cale. for Ci2H220.8: C, 62.55; H, 9.65; 8, 13.9%). 

(4) Di-p-chlorophenyl tetrasulfide and cycloherene-——The product obtained 
by heating together the tetrasulfide (23.6 g.) and cyclohexene (50 cc.) was 
separated by one passage through the molecular still at 56° into a pale yellow 
distillate (A, 14.8 g.) and a golden brown residue (B, 25 g.) which on a second 
passage through the still at 80° was further separated into a pale yellow dis- 
tillate (C, 16.0 g.) and a residue (D, 7.3 g.). The distillate A, which had n?” 
1.5661 (Found: C, 65.9; H, 7.8; Cl, 11.25; S, 15.05%), was redistilled from a 
flask at 0.001 mm., giving the following fractions: (i) b.p. 72-80° (0.8 g.), 
n® 1.5252; (ii) b.p. 80-85° (2.0 g.), n70° 1.5342 (Found: C, 70.75; H, 9.95; 
Cl, 3.9; S, 15.3. Cale. for 24.6% Ci2HisCIS + 73.4% CieH22S: C, 69.0; 
H, 9.80; Cl, 3.9; S, 15.3%), (iii) b.p. 85-92°(2.7 g.), n?®° 1.5541 (Found: C, 
68.45; H, 8.7; Cl, 7.9;S, 15.05. Cale. for 50.5% Ci2HisClS + 49.5% Ci2H28: 
C, 68.05; H, 8.9; Cl, 7.9;S, 15.1%), (iv) b.p. 92(96° (4.1 g.), n?)° 1.5762 (Found: 
C, 65.3; H, 7.05; Cl, 13.95; 8S, 14.4. Cale. for 89.2% Ci2HisCIS + 10.8% 
Ci2H22S: C, 64.5; H, 7.1; Cl, 13.95; S, 14.8%), and a liquid residue (v), not 
distillable without overheating, n??° 1.5808, from which crystallized p-chloro- 
phenyl cyclohexyl sulfide, m.p. 25° (Found: C, 63.85; H, 6.8; Cl, 15.75; S, 14.05. 
C12H;sCIS requires C, 63.55; H, 6.7; Cl, 15.65;S, 14.1%). Oxidation of fraction 
(iv) gave a 62% yield of p-chlorophenyl cyclohexyl sulfone, m.p. 68-69° (Found: 
C, 55.9; H, 5.85; Cl, 13.95; 8, 12.4. Ci2His0.CIS requires C, 55.7; H, 5.85; 
Cl, 13.7; 8, 12.4%). 
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(5) Cyclohexyl cyclohexenyl polysulfide and cyclohexene.—A typical poly. 
sulfide (Found: C, 34.55; H, 4.85; 8S, 59.6%), obtained by the action of sulfur 
on cyclohexene, was heated with an excess of cyclohexene for 3 hrs. at 140°, 
There was a weight increase of 14% and the product yielded a distillate (pot 
still) which had nj* 1.5805 (Found: C, 56.1; H, 8.1; 8, 36.15; removable §, 
8 hrs., 33.2%) and a residue which had njf* 1.6260 (Found: C, 51.0; H, 7.0; 
S, 40.9; removable 8, 8 hrs., 29.6%). 

(6) Diphenyl tetrasulfide and dihydromyrcene.—The tetrasulfide (19.1 g.) 
and dihydromyrcene (50 cc.), heated together for 3 hrs. at 150° in the absence 
of air, yielded dihydromyrcene cyclic sulfide (3.8 g.) and a reddish brown oil 
(29.7 g.) which was separated by passage through the molecular still at 80° 
into a volatile red liquid (21.7 g.) (Found: C, 72.4; H, 7.9; 8, 18.7%) which 
deposited considerable diphenyl disulfide, and a brown viscous residue (4.0 g.) 
(Found: C, 61.85; H, 7.45; 8, 31.7%). 

(7) Dihydromyrcene polysulfide and dihydromyrcene—The  polysulfide 
(5.5 g.), obtained by the action of sulfur on dihydromyrcene, and freed from 
cyclic sulfide and free sulfur by repeated passage through the molecular still, 
was heated with dihydromyrcene (20 cc.) for 3 hrs. at 145° and yielded 3.3 g. 
of dihydromyrcene cyclic sulfide, together with 6.5 g. of nonvolatile matter 
(Found: C, 57.35; H, 8.6; 8, 33.35%). 

(8) Tetrasulfides and rubber.—The tetrasulfides were incorporated into the 
rubber by milling, the mixtures were heated in sealed evacuated tubes for 3 hrs, 
at 140°, and the products were extracted with acetone and with chloroform 
if they were sufficiently insoluble. Diethyl tetrasulfide (0.76 g.) and rubber 
(5 g.) yielded a reddish brown product (Found: C, 84.8; H, 11.65; 8, 2.8%; 
I.V., 328) which was soluble in benzene and in chloroform. Di-p-chloropheny! 


tetrasulfide (1.1 g.) and rubber (4 g.) yielded an insoluble product (Found: 
C, 79.1; H, 10.45; Cl, 2.65; S, 7.25%). 


SUMMARY 


At temperatures in the region of 140°, organic polysulfides undergo dispro- 
portionation resulting from thermal fission of S—S bonds and recombination of 
the fission products. In the presence of olefins a considerable proportion of the 
fission products become attached to ethylenic centers of the olefin, forming 
mixed mono- and polysulfides. The major part of the monosulfide product is 
fully saturated, hydrogen capture occurring during, or subsequent to the forma- 
tion of adducts from the olefin and sulfurated fragments; unsaturation, how- 
ever, appears in the polysulfide portion. The polysulfides are capable of 
producing monothio cross-links between the original olefinic molecules only in 
so far as they are able to yield up elementary sulfur to the olefin, and when the 
original olefin is a polyisoprene, the tendency towards the formation of a high 
proportion of intramolecular cyclic sulfide still further reduces the opportunity 
for formation of intermolecular sulfur-cross-linked products. 


ACKNOWLEDGMENT 


This paper forms part of a program of fundamental research undertaken by 
the Board of the British Rubber Producers’ Research Association. The author 
expresses his thanks to E. H. Farmer for his advice and, criticism, and to N. 
Sheppard for infrared examination of some of the polysulfides. 

Note added in proof.—Since the above papers were submitted, the reaction 
mechanism involved in the formation of saturated monosulfides by the inter- 
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action of polysulfides with olefins has been clarified by a study of the reaction 
of diphenyl tetrasulfide with 1-methylcyclohexene. Since the major reaction 
product is phenyl 1-methylcyclohexyl sulfide and not phenyl 2-methyleyclo- 
hexyl sulfide, it appears certain that the reaction involves hydrogen capture 
by the fission product of the polysulfide and addition of the resulting thiol to 
the double bond by a polar mechanism (I) rather than by a radical addition 
of the fission product to the double bond followed by hydrogen capture at the 
other ethylenic carbon atom (II). 


Ph.S,; ————~ PhS- ——— PhSH 
Me Me 


” vA 
PhSH + -__ ‘sph 


Me Me Me 


Phs- + nee 


\ 
SPh SPh 


The structure of the sulfide formed was confirmed by mixed m.p. (76°) of the 
corresponding sulfone with the phenyl 1-methyleyclohexyl sulfone of m.p. 76° 
described by Cunneen (loc. cit.). 
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INTRODUCTION 


Although it is now generally recognized that the temperature of polymeriza- 
tion affects profoundly the properties of emulsion elastomers, there is very 
little evidence available pertaining to the cause of the variations of properties. 
It is felt by some that the improved properties of low-temperature elastomers 
can be related to variations in molecular weight and molecular-weight distri- 
bution. In this laboratory, however, the opinion has prevailed that the lower 
emulsion polymerization temperatures appreciably alter the fine structure of 
the molecules with an increase in the regularity of the polymer chains. If there 
were actually less branching and cross-linking in low-temperature polymers, 
and less 1,2-addition to monomer components, the increased order should be 
evident from x-ray diffraction patterns. 

To provide information on the above questions, x-ray studies were made 
with four purposes in view: (1) to determine the effect of polymerization tem- 
perature on the crystallization properties of unstretched and stretched poly- 
* butadienes; (2) to determine the influence of styrene content on the crystalliza- 
tion of butadiene-styrene copolymers; (3) to study some effects of compounding 
and vulcanization on crystallizable polybutadiene; and (4) to use the preferred 
orientation patterns obtained from some of these polymers for structural 
evaluations. To accomplish these objectives, x-ray patterns were obtained at 
several temperatures of some unstretched and stretched polybutadiene poly- 
mers, butadiene-styrene copolymers, and a vulcanized and compounded poly- 
butadiene. The polybutadienes were prepared by emulsion polymerizations 
at 55°, 40°, 30°, 20°, 5°, —10° and —20°C. Since the —20° C polybutadiene 
showed the most marked crystallization patterns, the effects of compounding 
and of styrene addition were studied, using polymers prepared at this tempera- 
ture for comparison. Three butadiene-styrene copolymers containing, re- 
spectively, 10, 20, and 30 per cent styrene in the monomer charge and one 
vulcanized polybutadiene compounded with Wyex carbon black were studied. 


EXPERIMENTAL 


Sample preparation—The polymers used in the present investigation are 
given in Table I. All of these samples, with the exception of Nos. 1 and 4, 
were prepared using a diazothio ether-activated polymerization recipe. No. | 
was prepared using a persulfate recipe; No. 4 using a hydroperoxide-activated 
system. All of the polymers were modified with long-chain tertiary thiols to 


* Reprinted from the Journal of Polymer Science, Vol. 3, No. 4, pages 465-479, August 1948. 
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TABLE I 


POLYMERIZATION TEMPERATURE, PERCENTAGE CONVERSION, INHERENT VISCOSITY, 
AND GEL CoNTENT OF EXPERIMENTAL POLYMERS 


Polymeri- 
zation 

tempera- Conver- Gel 

Sample ture sion Inherent content 
no. (°C) (%) viscosity (%) 

Polybutadiene 55 56 2.32 0 
Polybutadiene 40 89 1.42 57 
Polybutadiene 30 60 1.64 
Polybutadiene 20 76 1.48 
Polybutadiene 5 65 1.72 47 
Polybutadiene —10 61 1.92 
Polybutadiene —20 60 2.39 
90/10 butadiene/styrene copolymer — 20 60 2.08 
80/20 butadiene/styrene copolymer — 20 63 2.20 
70/30 butadiene/styrene copolymer — 20 58 1.65 
Compounded vulcanizate — 20 60 a 
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the inherent viscosities indicated. Nos. 6 to 10 were prepared in emulsion 
systems containing antifreeze to depress the freezing point of the aqueous 
phase below the desired polymerization temperature. Nos. 1 to 6 were pilot- 
plant samples prepared in 5-gallon reactors. Nos. 7 to 10 were laboratory 
samples prepared in Crown-capped bottles. The ratios designated for the 
copolymers are the ratios of the monomers charged. The actual percentages of 
combined styrene in the copolymers are given in Table II. 


TABLE II 
STYRENE CONTENT OF COPOLYMERS 


Combined 
Sample Charge styrene 
no. ratio (%) 


s 90/10 6.8 
9 80/20 16.0 
10 70/30 24.0 


Although there were some variations in the conversions and molecular 
wights of these samples, there was no indication that variations within the 
range indicated by the inherent viscosities affected the diffraction patterns. 
A careful comparison was made of the diffraction patterns obtained from Sample 
7 with those from an otherwise identical sample but having a conversion of 
only 45 per cent and an inherent viscosity substantially lower. The patterns 
were identical. This substantiates the conclusion that the molecular weight, 
within a fairly broad range, is not a significant variable. 

Purification of the polymers—The crude raw polymers were purified by 
boiling with two successive portions of ethanol—toluene azeotrope, followed by 
extraction with hot acetone. This type of purification effectively removes 
nonrubber components as well as a small amount of very low molecular polymer. 
The extracted samples were transferred to wide-mouth, 2-oz. bottles and placed 
in a vacuum desiccator. The desiccator was then evacuated for a sufficient 
length of time to remove traces of solvent. Purified nitrogen, obtained by 
passing tank nitrogen through a hot tube of copper turnings, was then admitted 
to the desiccator. The desiccator was then evacuated and flushed four times 
with purified nitrogen to displace any oxygen held within the sample. After 
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the desiccator was filled with nitrogen for the last time, the bottles containing 
the polymer samples were tightly capped and sealed by dipping the capped ends 
into open paraffin wax. By taking these unusual precautions the samples 
could be safely stored for a moderate period of time prior to making x-ray 
measurements. : 

Preparation of the vulcanized samples.—Although most of the work of the 
present investigation was carried out using uncompounded polymer, a few 
measurements were made on compounded and vulcanized samples. Com- 
pounding was carried out on a small laboratory mill, using a 50-part loading of 
channel black. Strips for the x-ray determinations were cut from small slabs 
of 0.025-inch thickness, vulcanized to a moderate state of cure. The particular 
compounded sample examined (No. 11 in Table I) was cured for 40 minutes at 
307° F,.and exhibited a tensile strength of 2470 lbs. per sq. in. at an elongation 
of 795 per cent. 

X-ray technique——To prepare a homogeneous sample of the purified poly- 
mer samples without undue milling and subsequent degradation of the polymer 
chains, a portion of the purified polymer was subjected to high pressure (5000 
to 10,000 lbs. per sq. in.) in a plastic mold. In some instances the mold was 
heated slightly to cause the material to flow to a substantially homogeneous 
specimen. 

It was observed that as little as 0.1 per cent of antioxidant (phenyl-g- 
naphthylamine) reduced the detail observable in the diffraction patterns of 
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Fic. 1.—Detail of polymer stretching and translation mechanism. 
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these polymers; therefore, no antioxidant was used in the samples to be de- 
scribed below. Since no antioxidant was used, special precautions were taken 
to prevent oxidation. The polymers were stored in a darkened desiccator 
under a carbon dioxide atmosphere. It was found, however, that the effect 
on the x-ray pattern due to oxidation of the polymer in air at room tempera- 
ture was negligible over a period of several weeks. 

The samples prepared in the press were cut into pieces about 1 X 2 mm. in 
cross-sectional area and 20 mm. in length. The pieces were placed in a clamp 
mechanism that permitted exposure in either an unstretched or a stretched 
condition. Stretching, when desired, was accomplished by separating the 
clamps using a screw mechanism (Figure 1). Elongations were determined 
at any given point on the sample by measuring the distance between ink marks 
which had been placed at 1-mm. intervals along the edge of the unstretched 
sample. This method was found advisable because the elongations were 
generally not uniform along a stretched sample. 

For purposes of handling and exposing to x-rays at low temperatures, the 
sample clamp mechanism was placed inside a container composed of two vertical 
cylinders equipped with Cellophane windows to transmit the diffracted rays 
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Fia. 2.—Apparatus for obtaining x-ray diffraction patterns of polymers 
(stretched or unstretched) at low temperatures. 
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and to permit observation from without (Figure 2). The temperature of the 
sample was regulated by passing cold nitrogen gas through the sample chamber, 
The rate of passage was controlled by varying the current to a heater coil 
immersed in liquid nitrogen contained in a stainless-steel Thermos flask. The 
temperature of the lower clamp holder was measured by means of a thermo- 
couple, and could be held to +2.5° throughout the exposure at temperatures 
down to —100°C. Measurements with a thermocouple imbedded in the 
center of the sample showed the clamp temperature to be slightly higher than 
the interior of the sample. The data reported in this work referred to tempera- 
tures at the clamp unless otherwise noted. About 15 minutes was required to 
attain thermal equilibrium. When the apparatus was assembled as described 
above, the sample could be cooled, stretched, and translated with respect to 
the x-ray beam. Each of these actions could be performed independently of 
the others by means of controls outside the sample chamber. 

The raw polymer samples were subject to appreciable cold flow when 
stretched at room temperature and then cooled to 0° C or lower for exposure 
to x-rays. Patterns obtained in this manner differed only slightly from those 
obtained from unstretched samples at the same temperature (compare Figure 
3a with Figure 5d). Cooling to 0° C and then stretching, however, gave pat- 
terns showing more detail (see Figure 30)!. Further cooling of a sample 
stretched at 0° to —30° C for an x-ray exposure showed a still more detailed 
pattern than that obtained at 0° (see Figure 3c). For most of the results 
reported on stretched polymer, therefore, the sample was stretched at 0° and 
then cooled immediately to —30° for exposure to x-rays. 


(a) Stretched at 25°, (b) Stretched at 0°, (c) Stretched at 0°, 
x-ray exposure at 0 x-ray exposure at 0° x-ray exposure at —30° 


Fic. 3.—Effect of exposure technique on diffraction patterns of —20° C 
polybutadiene stretched 300 per cent (flat cassette patterns). 


Unfiltered x-rays from chromium or copper target tubes operating at 24 ma. 
and 30 kv. were used. The x-ray beam was collimated by a pinhole system 
containing 0.030-inch pinholes as indicated in Figure 2. (A sponge rubber 
seal between the pinhole system and sample chamber prevented air and mois- 
ture from entering the chamber at this point.) After passing through the 
sample, the main x-ray beam was stopped by a lead button fastened to the 
inner Cellophane window (Figure 2). A broad stream of air blown across the 
outer Cellophane window prevented frost formation. Exposures of one hour 
with a flat cassette and a specimen-film distance of 47.0 mm. were used. 
Exposure times varying from 1 to 4 hours were used when a cylindrical cassette 
of 52.0-mm. radius was employed. 
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THERMAL DECOMPOSITION OF POLYSULFIDES 


DIFFRACTION EFFECTS FOR RUBBERLIKE POLYMERS 


The diffraction effects observed for rubberlike polymers as reported in the 
literature may be classified in three broad groups. 


(1) Diffuse rings (halos) are obtained from polymers that are essentially 
liquid or are of such a nature that no truly periodic structures are present. 
The diameter of a halo for a given polymer gives an average distance between 
a carbon atom in one chain and its closest carbon neighbors in adjacent chains. 

(2) Sharp, uniform diffraction rings may be obtained from some polymers 
if a sample is cooled in a suitable manner below its freezing point. Unstretched 
natural rubber, for example, if properly cooled exhibits such diffraction rings. 
These rings indicate the presence of small crystalline regions or crystallites 
randomly oriented throughout the polymer. 

(3) Preferred orientation effects are usually obtained if polymers that crystal- 
lize in the above manner are suitably stretched, since the crystallites tend to 
line up parallel to the axis of stretching. These effects provide information 
about the molecular structure of the crystallites. For example, the layer-line 
patterns obtained from stretched samples indicate the length of the molecular 
geometrical repeating unit along the polymer chain. Some stretched polymers, 
however, give preferred orientation effects without true crystallization. This 
pseudocrystalline effect is probably due to a parallel alignment of the polymer 
molecules with the stretch axis but with no extended periodicity in other 
directions. This is indicated in a diffraction pattern by the presence of equa- 
torial spots generally superimposed on the diffuse halo and by the absence of 
layer-line spots. 


All of these characteristic patterns have been observed in the present work 
and form the basis for discussion that follows. 


EFFECTS OF POLYMERIZATION TEMPERATURE ON CRYSTALLIZATION 
AND PREFERRED ORIENTATION IN POLYBUTADIENE 


This section discusses only the influence of polymerization temperature on 
erystallizability and preferred orientation. Structural deductions that can be 
made from the patterns described here will be considered later. Data pertain- 
ing to these patterns are summarized in Table III, which is discussed more 
fully in the section on structural analysis. 

The polybutadienes described in Table I were examined by x-rays under the 
following conditions: (1) cooled to —30° C, unstretched; (2) cooled to —70° C, 
unstretched; and (3) cooled to 0° C, stretched 300 per cent?, and cooled to 
—30° C for exposure. 

From the patterns in Figure 4b it can be seen that samples of polybutadiene 
prepared at polymerization temperatures of 40° C and above show no crystal- 
lization or preferred orientation effects. Even at —100° C (pattern not shown 
in Figure 4) the 40° C polymer showed no evidence of crystallization. Crystal- 
lization could be induced in unstretched samples prepared at polymerization 
temperatures of 20° and below (Figure 4a). Samples produced at and below 
30° showed evidence of preferred orientation when stretched at 0°. Thus it 
seems that, as the polymerization temperature is increased, the ability of the 
polymer to crystallize or show preferred orientation effects becomes less and, 
for these conditions, finally disappears entirely at about 40° C polymerization 
temperature. 
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For a given sample, preferred orientation became noticeable at higher tem- 
peratures than crystallization in the unstretched condition. On cooling with- 
out stretching, the 30° polymer did not crystallize at —70° (Figure 4b) and the 
20° polymer crystallized at —70° but not at —30°, as shown by the appearance 
of sharp diffraction rings in the —70° pattern (Figure 4a). On the other hand, 
stretching the 30° polymer at 0° produced faint diffraction spots in a pattern 
obtained by exposing at —30° (Figure 4b). 

The patterns of Figure 4(a and b) show the effect of two temperatures (—30° 
and —70° C) on the crystallinity of unstretched samples, but do not indicate 
the exact temperatures at which crystallization could first be detected in the 
unstretched state. This was done within fairly close limits for the —20° 
polymer, the crystallinity being observed at 5° but not at 10° (true tempera- 
ture) as shown in Figure 5. This temperature range was established for 3 
different polymer samples prepared at different times but all at —20°. 

As the temperature of the polymer was lowered progressively, the intensity 
of the sharp rings increased, indicating an increasing amount of crystallization. 
No other changes were observed in the patterns for temperatures down to —70°. 

The variation of the diffraction pattern of an unstretched —20° polymer 
sample kept at 0° for a period of time was studied. No significant difference 
was found among patterns obtained immediately after cooling, after 20 hours, 
and after 68 hours at 0° C. 


EFFECTS OF COMPOSITION ON CRYSTALLIZATION PROPERTIES 


Copolymers of butadiene and styrene prepared at —20° C exhibited the fol- 
lowing x-ray diffraction characteristics. The 90/10 copolymer, which crystal- 
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Unstretched, Unstretched, Stretched 300% at 0° 
x-ray exposure at —30° x-ray exposure at —70° x-ray exposure at —30° 


Fie. 4a.—Effect of polymerization temperature on x-ray diffraction patterns 
of polybutadiene (flat cassette patterns). 


lized unstretched at —30° C, contained 6.8 per cent bound styrene and showed 
preferred orientation effects on stretching at 0° and cooling to —30°, but to a 
lesser degree than pure —20° polybutadiene under similar conditions (see 
Figure 6). The 80/20 (16 per cent bound styrene) and 70/30 (24 per cent 
bound styrene) copolymers polymerized at —20° did not crystallize or show 
preferred orientation effects under the above conditions. This suggests that 
the styrene groups do not enter the crystalline regions in the polymer. In the 
copolymer containing 16 per cent bound styrene, the styrene groups probably 
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appear frequently enough along the polymer chains to prevent any crystalliza. 
tion that can be detected by x-rays. 


EFFECTS OF COMPOUNDING AND VULCANIZATION ON CRYSTALLIZATION 
PROPERTIES OF —20° C POLYBUTADIENE 


The —20° C polybutadiene vulcanizate, when stretched above 400 per cent 
at room temperature, gave diffraction patterns showing diffuse equatorial arcs 
on the diffuse halo similar to those given by Morris and Jordan for Buna-S 
(see Figure 7a). Cooling to 0° and lower produced a sharp diffraction ring 
giving a spacing slightly smaller than that of the diffuse halo (see Figure 7¢) 
and equal to that given by the strongest diffraction ring of the highly purified 
polymer at —30°. Stretching at room temperature or lower followed by cooling 
to 0° or lower caused this sharp ring to break up into sharp equatorial ares 
(Figure 7b). The inner rings of the pattern from the compounded vulcanizate 
are probably due to compounding ingredients. On the other hand the inner 
rings given by the highly purified polymer (which differ from those given by 
the compounded and vulcanized polymer) seem to be characteristic of the 


POLYMERIZATION TEMPERATURE 
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Unstretched, Unstretched, Stretched 300% at 0°, 
x-ray exposure at —30° x-ray exposure at —70° x-ray exposure at —30° 


Fia. 4b.—Effect of pageiondien temperature on x-ray diffraction patterns 
of polybutadiene (flat cassette patterns). 
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(a) 25°C (b) 10°C 


(d) 0° C (e) —30°C (f) —70°C 


Fic, 5.—Effect of temperature on crystallinity of unstretched —20° C 
polybutadiene (flat cassette patterns). 


polymer itself. The d values given by these rings are, therefore, included 


in Table III. A peculiarity observable in patterns of the unstretched and 
stretched compounded polymer at both room temperature and lower was a 
fairly sharp ring within the diffuse halo. 
The detail observable in diffraction patterns of —20° polybutadiene com- 
pounded with carbon black was less than that observed in patterns of pure 
-20° polybutadiene. This is to be expected, however, because of the cross- 
linking effects occurring during vulcanization and because the carbon black 
particles impede the crystalline arrangement of the molecules‘. Degradation 
of the chains during milling may also be a contributing factor. 
_ Some crystallization is indicated in the patterns of cooled, stretched or un- 
| stretched samples of compounded and vulcanized polybutadiene. The sharp 

ring for the unstretched, and the sharp equatorial arcs for the stretched, ma- 
| terial give an interplanar spacing the same as for the distance between chains 
in pure crystallized polybutadiene. The absence of layer-line spots in the 
cooled and stretched sample, however, indicate that there is no extended 
periodicity along the stretch axis. 


STRUCTURAL ANALYSIS OF POLYBUTADIENE 


Mark® states that stretched samples of polybutadiene produced by both 
mass and emulsion polymerization gave diffraction patterns that indicate a 
repeat distance of 5.0 A along the polymer chains. Meyer® also mentions this 
repeat distance. No details are given concerning polymerization temperatures. 
More recently, Hanson and Halverson’ obtained diffraction patterns of emul- 

sion and mass (sodium) polymerized butadienes when stretched at low tem- 
| peratures. They conclude that the emulsion polymer has a repeat distance 
> of about 5 A, but that the stretched emulsion polymer contains appreciable 
» 4mounts of oriented noncrystalline material. 
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To verify this repeat distance of about 5 A, all of the polybutadiene Samples 
previously described were stretched in the range of 200 to 600 per cent at 0°¢ 
and diffraction patterns were registered on film in a cylindrical cassette to 
make possible easy measurement of the repeat distance from the layer-line 
spots. A repeat distance of 5.1 + 0.1 A was obtained for samples polymerized 
at temperatures no higher than 30°. A pattern from a 40° C polymer showe; 
no evidence of layer lines. The layer-line pattern was most pronounced for the 
—20° polymer, becoming less intense with increasing polymerization tempera. 
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Fia. 6.—E — of copolymer composition on x-ray diffraction patterns 
—20° C polymers (flat cassette patterns). 
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(a) Stretched 400 per cent (6) Stretched 400 per cent (c) Unstretched, 
at 25° exposure at 25° at 25° exposure at —30° exposure at —30° 


Fic. 7—F lat cassette patterns of compounded —20° C polybutadiene vulcanizate. 


(a) 300 per cent (6) 100 per cent 


Fia. 8.—Cylindrical cassette patterns of —20° C polybutadiene at 
two elongations stretched at 0° C (x-ray exposure at —30° C). 


ture and just barely observable for the 30° polymer even with prolonged x-ray 
exposure. Layer-line patterns obtained from samples of the —20° polymer 
stretched 300 and 600 per cent respectively, at 0° C are given in Figures 8a 
and 8b. The equatorial and first-order layer lines were the only ones that 
could be registered using unfiltered copper radiation and the particular cylindrical 
cassette used for this work. 

There are two distinct features about the first-order layer line. Spots on at 
least two diffraction rings near this layer line vary in position with percentage 
elongation, while spots on three other rings remain fixed in position regardless 
of the per cent elongation. In Figure 8a, at 300 per cent elongation, spots a 
and b are not on the same layer line, while in 8), at 600 per cent elongation, 
they are nearly on the same layer line. This phenomenon is summarized in 
Table III in the columns headed ‘Behavior of spots in cylindrical cassette 
patterns’. The position marked V (variable) indicate spots that move with 
percentage elongation. The positions marked F (fixed) indicate that the spots 
remain in the same position on the ring regardless of the percentage elongation. 

The phenomenon of layer-line spots’ varying in position with percentage 
elongation was also observed for the diffraction effects obtained in flat cassette 
patterns of the central diffraction region’. A detailed study was made of this 
effect on the —20° polymer. Preferred orientation became noticeable in the 
stretched —20° polymer at about 50 per cent elongation. Intense off-equator 
spots began to appear at about 150 per cent elongation for the diffraction ring 
having a d value of 3.97 A, and for the inner rings listed in Table III. These 
off-equator spots moved toward each other with increasing elongation and ap- 
peared to coalesce on the equator at about 700 per cent elongation, as shown 
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in Figure 9. It is interesting to note that, whereas the off-equator spots tend 
to move toward each other with increasing elongation, the variable layer-line 
spots move away from each other with increasing elongation. 

An effect similar to the coalescence of the off-equator spots is described by 
Fuller, Frosch, and Pape’. They state that 1-16 dicarboxylate polyester 
(repeat distance of 51.6 A) gives an x-ray pattern containing intense of. 
equator spots, these spots coalescing when the polyester is- stretched. Their 
interpretation indicates that the polyester molecules are inclined to the fiber 
axis and line up parallel to this axis when the polyester is stretched. The same 
hypothesis would reasonably explain why the off-equator spots observed in the 
present work move toward the equator with increasing elongation. On this 
basis,'the maximum inclination of the molecules to the stretch axis, as measured 
by the angle the off-equator spots make with the equator, was found to be 
about 20°. Further work is necessary to establish whether or not the motion 
of the first-order layer-line spots is fully consistent with the above picture. 





300 per cent 500 per cent 700 per cent 


Fic. 9.—Flat cassette patterns of —20° C polybutadiene at three elongations 
stretched at 0° C (x-ray exposure at —30°C). ~ 


The repeat distance of 5.1 A corresponds quite closely to the length (5.05 A) 
of a fully extended planar butadiene unit with normal bond angles and lengths. 
The fact that there is only one butadiene unit per repeating unit in the polymer 
chain indicates also that the chains in the crystalline portion of the polymer are 
in the trans-configuration. The cis-configuration would require at least two 
butadiene units to complete a single geometrical repeating unit. 

By properly cooling and stretching the —20° C polymer, the amorphous halo 
present at room tempeature can be made to disappear nearly completely, and 


the intensity of the diffraction spots reaches a maximum. Under these condi- f 


tions the major portion of the polymer is undoubtedly crystalline, indicating 


that most of the double bonds are in the trans-configuration. However, the f 


purified polymers contain about 14 per cent of vinyl groups (resulting from 


1,2-addition) that are presumably distributed at random along the chains. Ff 
These groups probably are not included in the crystalline regions, since they F 
would prevent periodicity in the structure. Their presence, therefore, limits | 


the amount of polymer that can crystallize. 


SYNOPSIS 


The fine structures of emulsion polybutadiene prepared at temperatures F 
ranging from 55° to —20° C and of various butadiene-styrene copolymers pre- F 
pared at —20° C have been studied by x-ray methods. The ability of emulsion- F 
polymerized butadiene to crystallize was found to depend to a large extent) 
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on the temperature of polymerization. Butadiene polymerized at 30° C and 
above showed no evidences of crystallization when cooled unstretched to 
—70° C, as observed by x-ray diffraction methods; however, butadiene poly- 
merized at 20°C and below showed crystallization effects when cooled un- 
stretched to —70° C. These crystallization effects became more pronounced 
for samples polymerized at lower temperatures, Layer-line diffraction patterns 
of butadiene polymerized at 30° C and below were obtained by stretching the 
polymer at about 0° C. From these patterns the geometrical repeat distance 
along the polymer chains was found to be 5.1 + 0.1 A. This corresponds to a 
fully extended butadiene unit in the trans-configuration. An anomaly was ob- 
served in the diffraction patterns of crystallizable polybutadiene stretched at 
0°C. Some of the layer-line spots varied in position with percentage elonga- 
tion of the sample. This suggests that the molecules in crystallites of the 
polymer are inclined to the stretch axis at low elongations and that they be- 
come more nearly parallel to the stretch axis at higher elongations. A small 
addition of styrene as comonomer at —20° C polymerization temperature did 
not prevent crystallization and preferred orientation effects in the polymer, 
since these effects could still be found in a 90/10 charge copolymer. Larger 
amounts of styrene did prevent crystallinity and preferred orientation as 
shown by the amorphous nature of an 80/20 charge copolymer. The ability 
of a compounded vulcanizate of a given polymer to crystallize is less than that 
of the purified polymer under the same conditions. This may be due to the 
combined effects of milling, vulcanization, and the presence of carbon black 
particles in the polymer. A description of the apparatus and techniques used 
for cooling and stretching these polymers is given. 
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INFLUENCE OF STRUCTURE ON POLYMER-LIQUID 
INTERACTION. III. SWELLING AND ME- 
CHANICAL PROPERTIES OF SOME 
PARTLY CRYSTALLIZED 
POLYMERS * 


G. SALOMON 


RvusBeER FounpatTion, DELFT, NETHERLANDS 


We have shown in the first part of this work! the influence of association on 
liquid—polymer equilibrium, while a study of nitrile copolymers? revealed that 
mechanical properties are much more sensitive to certain changes in polymer 
structure (such as the introduction of methyl groups) than are swelling equi- 
libria. In partly crystallized polymers, however, a close correlation between 
liquid—polymer interaction and mechanical properties exists, as is seen from 
the present paper. 


GUTTA-PERCHA AND NATURAL RUBBER 


It is known that the outstanding difference between raw gutta-percha and 
raw rubber is in the tremendous rate of crystallization of the former. It be- 
comes evident not only on cooling the solid polymer below its melting point but 
also in the following two groups of precipitation experiments. 


(1) A 1 per cent solution of the polymer in toluene was prepared and the 
precipitating power of a number of polar liquids was tested by measuring the 
point of first turbidity. Results for natural rubber are compiled in Table VIII 
of Part I. Since the molecular weight of gutta-percha is lower than that of 
rubber’, one should expect the former to be more soluble than the latter. 
However, the reverse is actually true: the volume fraction of the nonsolvent 
at the precipitation point is always about 10 per cent smaller than that for 
rubber. Under these conditions, methylpropyl ketone is a solvent for rubber 
but a precipitant for gutta-percha. The gel phase immediately exhibits 
syneresis due to the beginning of crystallization. 

(2) A 1-3 per cent solution of gutta-percha in hexane was prepared and 
mixed above room temperature with a 1-3 per cent solution of rubber in the 
same solvent. On cooling to 0° C, the gutta-percha fraction crystallized out 
completely, even in the presence of 5-9 times its weight of rubber. The general 
tendency of polymer mixtures to separate‘ becomes prevalent even in a mixture 
of these two isomers. The theoretical explanation given by Gee® can be ap- 
plied to the equilibrium finally reached in these experiments: on mixing rubber 
and gutta-percha the gain in entropy of mixing is very small, and is therefore 
insufficient to compensate for the heat of crystallization of gutta-percha. 


The degree of swelling of gutta-percha differs also from that of rubber (see 
Table I). 


* Reprinted from the Journal of Polymer Science, Vol. 3, No. 5, pages 776-784, October 1948. This 
paper is Communication No. 81 of the Rubber Foundation. 
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The influence of crystallinity, which becomes evident from Table I, can be 
readily understood from a comparison with the behavior of two other partly 
crystalline polymers—polythene® and cellulose’. The melting point of poly- 
thene is lowered by the presence of a solvent, the degree of depression depending 
on the nature and concentration of the liquid. The same is true for gutta- 
percha. Benzene depresses the melting point below room temperature, while 
hexane and pentane dissolve only a part of the crystals and act as swelling 
agents on the amorphous phase. This degree of swelling depends on experi- 
mental conditions, as can be deduced from the behavior of vulcanized gutta- 
percha (see below). On the other hand, the interaction of ketones with poly- 
thene or crystalline gutta-percha is very weak and the liquids are taken up 
only in the amorphous regions. The latter phenomenon is quite comparable 
to the swelling of cellulose. The influence of crystallinity on mechanical proper- 
ties and on swelling equilibria will now be deduced from a study of vulcanized 
samples. 

TABLE | 


SWELLING OF Raw RUBBER AND GutTTA-PERCHA AT 20° C In MOLAR FRACTIONS 





Solvent Benzene Hexane Pentane Pentanone Butanone Acetone 


Rubber 1 1 1 0.75 0.36 0.14 
Gutta-percha 0.31 0.31 0.10 0.10 0.07 








The vulcanization of natural rubber is accompanied by a reduction of the 
crystalline phase formed on stretching (compared with the same quantity in 
extended raw rubber). The correlation between the percentage of sulfur 
chemically bound to the rubber molecule and the amount of this crystalline 
phase at low temperature is used as a direct measure of the degree of vulcaniza- 
tion (T-50 test)*. One can, therefore, expect sulfur vulcanization also to 
reduce the proportion of crystalline phase in gutta-percha. In fact, van Rossem 
and Soudijn®, studying mixtures of 100 parts gutta-percha and 8 parts sulfur, 
succeeded in producing a rubber from gutta-percha after sufficiently long vul- 
canization times. Dawson, Johnson, and Scott!®, on the other hand, in their 
investigation of accelerated mixtures with only 5 parts sulfur, found stress— 
strain properties quite similar to those described by Parks" and still very differ- 
ent from those of arubber. We have made use of a low-sulfur accelerated pure- 
gum stock to achieve the advantage of cross-linking and still to minimize the 
influence of sulfur. The stress-strain properties are summarized in Figure 1. 
The first 15 minutes of vulcanization reduces the yield point considerably, but 
the shape of the curve still resembles that of the raw polymer. A further in- 


‘crease in vulcanization time by a factor of ten has comparatively little influence 


on the yield point, but the slope of the stress-strain curve after flow has set in 
finally resembles that of rubber. Figure 1 suggests, therefore, that the main 
decrease in crystallinity occurs within the first 15 minutes of vulcanization; 
this can be corroborated by the following observations. 


(1) The specific gravity, which normally increases on vulcanization of 
natural rubber, decreases on vulcanization of gutta-percha by 0.008 after 15 
minutes. 

(2) A strip of raw gutta-percha stretched 200 per cent for 24 hours at 50° C 
shows little recovery one hour after release of the tension. With a vulcaniza- 
tion time of 15 minutes, about 30 per cent recovery has been measured: 30- 
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minute vulcanization gives 80 per cent; and 45-150-minute vulcanization gives 
nearly complete recovery at 50° after one hour. This improvement in elasticity 
can be followed equally well by immersing the stretched strips in a 50 per cent 
benzene-alcohol mixture at 20°; strips vulcanized for 30 minutes recover 
readily. 

(3) Still another method of following the same phenomenon is analogous to 
the T-50 test. The limiting temperature for preponderantly elastic behavior is 
60° C for a strip of gutta vulcanized for 15 minutes, and 50° for strips vulcanized 
for longer periods of time; but no further decrease in elasticity temperature has 
been observed, a result which is in good agreement with Figure 1. This 
phenomenon—the occurrence of a limiting temperature of elasticity—is clearly 
caused by the formation of crystals below +50°. It is indicated alsotby a 
sudden decrease in the solubility and diffusivity of gases in vulcanized gutta- 
percha between 45° and 50° ™. 

We have found (Figure 2) that the degree of cross-linking after 45-minute 
vulcanization, as indicated by the amount of swelling in chloroform, benzene, 
and cyclohexane, is identical with that of rubber after the same vulcanization 
time. The swelling in pentane reaches the value for rubber only gradually, 
while the influence of vulcanization is much more pronounced in hexane. From’ 
a comparison of Figures 1 and 2 it becomes evident that the mechanical proper- 
ties are again much more sensitive to changes in crystallinity than the swelling 
equilibrium. 
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Fic. 1.—Stress-strain properties of vulcanized Fic. 2.—Influence of vulcanization on degree 
gutta-percha. Mixture: gutta-percha 100 (purity of swelling of gutta-percha at 20° C (see Figure 1 
98.5 per cent; resin 1.5 per cent), sulfur 2, Zimate 1, for mixture). 
zinc stearate 3, Age-Rite White 1; vulcanization 
temperature 120° C. 
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Vulcanization leads not only to a reduction in crystallinity but also to a 
typical dependence of (apparent) swelling equilibria and rate of recrystalliza- 
tion on the prior history of the sample. The 15-minute sample immersed at 
0° C in hexane swells only to about 20 per cent (Figure 3 A); on warming to 25° 
swelling increases to 150 per cent; but on cooling again recrystallization is 
incomplete and the degree of swelling is therefore higher. The same phe- 
nomenon has been observed starting from 25° and cooling to 0° (Figure 3 B). 
In the third experiment (Figure 3 C), swelling equilibrium was first established 
at 50° C; no crystallization at all could be produced on cooling the strongly 
swollen sample to 25°, and only little crystallization occurs at 0°. 
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Fic. 3.—Influence of temperature on degree of swelling. Gutta-percha vulcanized 15 minutes. A, 
equilibrium at 0° C, gel warmed up to 25°, and new apparent equilibrium at 0°; B, equilibrium at 25°, 
cooled to 0° and recovery of the first equilibrium at 25°; and C, equilibrium at 50° and apparent equilibrium 
at 25°, O° and again 25°. 


Figure 3 suggests a formal analogy between the crystallization of swollen 
vulcanized gutta-percha and raw rubber. The melting point of the latter 
depends on the previous history of the sample’. From density and x-ray 
measurements" it has become clear thst the amount of crystalline phase in- 
creases with an increase in melting point. Crystallization in raw rubber is 
induced by local strains caused by the method of handling and storing the 
material. It corresponds actually to the process of crystallization in a slightly 
extended rubber, in which the amount of crystalline phase, as well as the melt- 
ing point, depends on the degree of stress. Rubber crystallized from ether 
solution at —60° C melts always at or below +11°'5. It is fairly safe to pre- 
dict that the amount of crystalline phase in these ‘‘crystals” will be found .to 
be only about 15 to 20 per cent. Turning back now to Figure 3, the probable 
theoretical explanation of the phenomenon is as follows. The presence of 
crystals in the partly swollen gel causes a certain degree of orientation in the 
amorphous chain sectors, facilitating further recrystallization. In completely 
swollen vulcanized gutta-percha the free rotation of chain segments is hampered 
and nucleus formation more difficult than from a solution of raw gutta-percha. 
The rate of crystallization even at 0° is therefore low. bred 

The amount of crystallized phase in raw rubber is much smaller than that in 
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raw gutta-percha". For this reason it is not possible to observe the limited 
swelling of partly crystallized rubber in hexane as with the behavior of gutta- 
percha. Obviously the gain in entropy on dissolution compensates for the 
heat of crystallization and, as a consequence, crystallized rubber dissolves even 
at 0° C. The quantity of crystalline phase can be increased by a process of 
repeated orientation termed racking'. Feuchter'’ has claimed that strips of 
racked rubber are “nonswelling” in gasoline. We cannot confirm these ob. 
servations. Racked rubber, originally extended 700-4000 per cent, contracts 
within 3—4 minutes when immersed in hexane and is strongly swollen after that 
time. If a strip is fixed in the extended position and then allowed to swell, 
absorption of liquid starts perpendicularly to the direction of stress; the strip 
becomes weak and breaks after a short time. Feuchter’s experiments there- 
fore refer to a kinetic phenomenon (actually the rate of swelling is reduced by 
orientation of the rubber chains), but not to a state of equilibrium. We 
finally succeeded in vulcanizing racked rubber by immersion for 10 seconds 
in a 3 per cent solution of sulfur chloride in carbon disulfide. Such strips were 
apparently unchanged, but swelling in benzene and chloroform revealed that 
they were cross-linked. Attempts to reproduce the “‘nonswelling” of Feuchter 
with such strips also failed completely. Racked rubber must contain more 
crystalline phase than raw gutta-percha, and the entropy of mixing alone is not 
therefore sufficient to compensate for the heat of crystallization, but an addi- 
tional contribution is made by the gain in entropy on contracting. The latter 
term obviously determines the solubility of extended rubber. 


RUBBER HYDROCHLORIDES 


The position of rubber hydrochlorides within a family of polymers has been 
discussed in another paper'®. The outstanding property of these hydrochlorides 
is their ease of crystallization from solutions, quite comparable to that of gutta- 
percha and the great stability of these crystals, which can survive even in a 
swollen state’. 

We have prepared hydrochlorides from vulcanized rubber by applying the 
following method. A low sulfur mix, omitting zine oxide, was used (100 de- 
proteinized crepe, 2 sulfur, 1 Zimate, 3 zine stearate, 1 Age-Rite, vulcanized 15 
minutes at 120°C). Plates of 1-mm. thickness were swollen in ethyl acetate 
and reacted with a saturated solution of hydrochloric acid in ethyl acetate. 
The mechanical properties and the degree of swelling are compared in Figure 4. 

Elongation at break (Figure 4 A) is not much changed by hydrochlorina- 
tion, but after 25 per cent reaction has taken place the vulcanized sample be- 
comes very weak (Figure 4 B), comparable to a noncrystallizing elastomer. 
Suddenly, after about 60 per cent of the available double bonds have been 
hydrochlorinated, the samples exhibit a very high tensile strength at break. 
Simultaneously the rate of elastic recovery becomes very small (Figure 4 (), 
comparable to the behavior of vulcanized gutta-percha. The swelling proper- 
ties of these vulcanizates (Figure 4 D) change little in benzene (curve 1), 
but show a sudden decrease in hexane (curve 2) as soon as partial crystalliza- 
tion becomes evident in mechanical tests. Hardening caused by continuously 
increasing crystallization is reflected also in a further reduction of the swelling 
in hexane (curves A and Bin Figure 4 D). Summing up the changes by hydro- 
chlorination (Figure 4) indicates: (1) a limiting chlorine concentration (+20 
per cent Cl) for crystallization on stretching, combined with a loss of elastic 
recovery, and (2) a gradually increasing tendency of the unstretched samples to 
crystallize. 








hyd 
C, el 


and 


con 
pol 
lini 
tati 








Lited 
itta- 

the 
even 
38 of 
Ss of 
ob. 
‘acts 
that 
well, 
strip 
lere- 
d by 

We 
onds 
were 
that 
shter 
nore 
$s not 
uddi- 
utter 


been 
rides 
itta- 
ina 


r the 
) de- 
dd 15 
state 
tate. 
re 4, 
rina- 
2 be- 
mer. 
been 
reak. 
4 C), 
yper- 
> 1), 
liza- 
yusly 
ling 
rdro- 
+20 
astic 
es to 





SWELLING OF PARTIALLY CRYSTALLIZED POLYMERS 375 


We have found that the corresponding hydrochloride from gutta-percha is 
also partly crystallized, and exhibits the same x-ray pattern as the product made 
from rubber?*. The mechanical properties of films made from gutta-percha 
hydrochloride suggest the presence of a smaller crystalline fraction, and this 
may explain earlier statements of an apparently amorphous structure. The 
hydrobromides of rubber and gutta-percha also contain a crystallized fraction?®. 
Their x-ray patterns are very similar to, or identical with, those of the hydro- 
chlorides, indicating that chlorine and bromine are exchangeable in these unit 
cells; this is already known from a comparison of bromoprene and chloroprene 
polymers”, The fact that these hydrobromides contain a crystalline fraction 
does not necessarily mean that they consist only of tertiary bromide; in fact, 
kinetic studies still in progress indicate the simultaneous formation of the 
secondary bromide. 
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Fig. 4.—Influence of chlorine concentration on mechanical properties and swelling of vulcanized rubber 
hydrochlorides. A, elongation at break; B, tensile strength at break (calculated on original cross-section) ; 
C, elastic recovery at 20° C (strip extended 200 per cent for 24 hours) ; and D, swelling equilibria (calculated 
as weight fraction) in benzene (curve 1) and hexane (curve 2) measured on fresh samples (curve 1A and 2A) 
and on samples shelf-aged for 1 month (curves 1B and 2B). 


DISCUSSION OF RESULTS 


Gutta-percha and rubber hydrochlorides have a number of properties in 
common. They crystallize readily from solutions and from the amorphous 
polymer. The mechanical properties depend greatly on the degree of crystal- 
linity, as is generally the case in partly crystalline polymers. Although quanti- 
tative measurements are still lacking, the impression is gained that the melting 
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of crystals in a stretched sample under the influence of contraction—a property 
so typical for natural rubber—occurs to a minor degree only in these partly 
crystallized polymers. 

This would mean that the gain of configurational entropy on contraction js 
larger for rubber than for gutta-percha. One could surmise from this a correla- 
tion between the shape of molecules in solution and ease of crystallization. 
Although experimental evidence is still too scanty for a general theory, the 
following division of partly crystalline polymers can be made'’®. 

Group I.—Polymers that crystallize readily from solution and(or) from the 
molten amorphous phase: Teflon, polythene, polyvinylidene chloride, rubber 
hydrochloride, gutta-percha. The first two are very symmetrical, and a high 
rate of crystallization could be expected. This is not the case with the other 
three polymers, and one cannot do much more at present than sum up the ob- 
vious elements of symmetry essential for the formation of crystals; these fac- 
tors are not sufficiently understood to predict the high rate of crystallization. 
In polyvinylidene chloride a symmetrical energy distribution exists at the CCl, 
group, and this may contribute to its superior rate of crystallization in com- 
parison to polyvinyl chloride. Rubber hydrochloride, on the other hand, has 
only a symmetrical chain axis, and the additional assumption has been intro- 
duced that either the d or the / form is preponderant”. The impression is 
gained from the space model of gutta-percha that the crystal lattice is more 
easily formed than in rubber; while this may contribute to the rate of crystal- 
lization, it does not explain the higher melting point of the crystals. It seems 
possible that the gain of configurational entropy in the process of melting or 
dissolving gutta-percha is smaller than in the case of rubber, 7.e., that the gutta- 
percha chains in the amorphous and dissolved states are less flexible than those 
of rubber. 

Group II.—Comprises plastics that do not crystallize from solution and 
only difficultly from the amorphous polymer. Crystallization may be enhanced 
by the presence of plasticizers or by stretching. The main representatives of 
this class are vinyl derivatives, such as: polyvinyl fluoride, polyvinyl alcohol, 
polyacrylic nitrile, and polyvinyl chloride. Following the line of thought 
developed by Bunn* we must assume that the size of the substituent is decisive 
for determining the ease of crystallization, the uneven charge distribution 
together with the occurrence of mixed d and / forms making the chain irregular. 
The heat of crystallization is insufficient to compensate for the loss of configura- 
tional entropy that would be caused by crystallization from solution. Under 
the influence of external forces on stretching, this entropy factor is compensated 
for, and crystallization occurs. On stretching and in solution, therefore, 
these polymers behave comparably to the third group. 

Group III.—This group is made up of the true elastomers—natural rubber, 
Neoprene, and Butyl rubber—which combine a slow rate of crystallization in 
the unstretched state with an instantaneous crystallization on stretching. 
Here, the entropy gain on contracting compensates for the heat of melting, 
a factor essential for the rubberlike state. 

Neither Butyl rubber nor Neoprene exhibits the typical dependence of the 
melting point on the degree of stress which is so well known for natural rubber. 
In the case of Neoprene this is probably due to a lack of regularity in the Neo- 
prene chain. Sutherland has recently proved by infrared measurements that 
Neoprene is (a) a straight chain 1,4-addition polymer, but (b) of cis and trans 
groups. The latter conclusion is supported by the incomplete addition of ICI 
and Brz to the double bond in Neoprene*®. In analogy with gutta-percha, we 
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can assume that the trans groups in Neoprene crystallize readily. In fact, it is 
well known to workers in this field that vulcanized Neoprene crystallizes 
readily at about 0° C on storing. The amount of crystalline fraction in Neo- 
prene is not yet known, but, in contrast to the behavior of natural rubber, 
further crystallization is inhibited by the presence of cis groups. This explains 
why natural rubber crystals exist even at 100° C, whereas those of extended 
Neoprene melt readily even at moderate temperatures’. 

The transformation of natural rubber into the crystalline complex com- 
pound with silver nitrate occurs in the swellen state with great ease!*. This 
formation of r bonds? leads to a reduction in chain mobility and illustrates the 
gradual change from Group III to Group I. 


SYNOPSIS 


Swelling and rate of crystallization from solution and gels of raw and vul- 
canized gutta-percha have been studied. Sulfur vulcanization of gutta- 
percha causes a reduction in the proportion of crystalline phase that becomes 
evident from typical changes in mechanical and swelling properties. Liquid— 
polymer interaction of the crystalline phase in gutta-percha, raw rubber, and 
racked rubber lead to different equilibria, which are probably due to differences 
in the free energy contents of the crystalline phases. A series of vulcanized 
rubber hydrochlorides with gradually increasing chlorine content show an- 
alogous changes in rate of elastic recovery and swelling equilibria that are also 
due to the gradual formation of a crystalline phase. Correlations between 
molecular structure and rate of crystallization in plastics and elastomers are 
discussed. Symmetry of the shape, as well as of intermolecular forces in the 
molecular units, size of substituents, and regularity of the polymer chain all 
have an essential influence on the rate and ease of crystallization. 
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REACTION KINETICS OF ADIABATIC SYSTEMS * 
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LIST OF SYMBOLS 


Temperature (° K) 
Mass law constant of order n 
Time (min.) 
Order of reaction 
X Pre-exponential frequency factor in Arrhenius Law 
e Average specific heat of system (cal. ° K~! kg.~!) 
c Molality (mol. kg.~') 
H Heat of reaction (cal. mol.~') 
E Apparent energy of activation (cal. mol.~') 
Q E/R(1/T — 1/T5) 
M Maximum slope d7'/di of heating curve 


Subscripts and Superscripts 
Subscript 0 Refers to zero time 


Subscript f Refers to final, or asymptotically approached, values 

Star (7*) Refers to temperature where d?7'/dé? vanishes 

Dash (7) Refers to temperature where d°7'/dé® vanishes (provided 
; aa 

Double Dash (7) Refers to temperature where d°7'/dé* vanishes (provided 
Y Bad > T*) . 


Kinetic measurements are conventionally carried out at constant tempera- 
ture and expressed in terms of velocity constants k,, calculated from the law 
of mass action. From a series of runs at different temperatures, the well- 
known Arrhenius plot leads to the determination of FE and X. According to 
the new method here proposed, reaction runs are carried out adiabatically 
instead of isothermally. There are both advantages and disadvantages at- 
tached to this change. The mathematical treatment is necessarily more com- 
plicated when an additional parameter, temperature, is allowed to vary instead 
of being kept constant; on the other hand, the temperature change becomes 
available as a physical property for following the progress of a reaction, and 
puts the accuracy of modern thermometric equipment at the disposal of the 
kineticist. Before weighing such factors in a critical discussion, the mathe- 
matical evaluation of kinetic time-temperature data will be described. 

When a reaction proceeds adiabatically, the temperature varies with time, 
owing to the reaction heat liberated or consumed, and one obtains socalled 
heating or cooling curves. The differential equation appropriate to such 
curves will first be deduced on the basis of six assumptions; next the evaluation 
of the parameters n, FE and X from certain plots based on this equation is 


* Reprinted from the Transactions of the Faraday Society, Vol. 44, No. 4, pages 196-202, April 1948. 
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explained. Such plots are founded on the data of a single adiabatic run, 
though a special technique, compounding data from a number of runs, will 
also be mentioned. Moreover, the differential equation may be differentiated 
to obtain relations involving special points which can be spotted on a heating 
curve, especially the inflection point; these points and relations are valuable, 
since they give immediate estimates of n and E. 

Finally the differential equation can be solved if n and Z are known and n 
is integral. We thus obtain a direct and complete check by comparing experi- 
mental and theoretical time-temperature curves, since the theoretical law, in its 
integrated form, permits the quantitative prediction of the complete heat 
effect of a chemical reaction carried out adiabatically. Data are already ex- 
tant on the heat effect of reactions used technologically, particularly in the 
polymer field and, within the limits of the listed assumptions, this paper pro- 
vides the mathematical theory underlying such data. 

Assumptions.—(1) The law of mass action holds. 


Activity coefficients are assumed to be equal to unity. Weight concentra- 
tions replace the conventional volume concentrations, both for convenience 
and to make some allowance for volume changes, if any, occasioned by the 
reaction progress and/or the change in temperature'. Except where the con- 
trary is stated, the mass concentrations of all reactants which significantly di- 
minish (by reacting away) are taken to be molecularly equivalent. 

(2) The law of Arrhenius relating velocity constants with temperature 
holds. 

(3) The heat change is due practically exclusively to a single reaction. 
In particular this requires that (a) secondary chemical or physical changes 
do not contribute thermal effects to the heating or cooling curve, and (b) 
secondary changes do not enter into the kinetics of the main reaction. Thus 
the reacting or catalyzing species of the main reaction are neither produced 
nor consumed significantly in secondary chemical changes, whether these be 
relatively slow, so as to enter the kinetic scheme as rate constants, or fast 
enough to enter it as equilibrium constants. 

(4) The heat of reaction is independent of temperature. 

(5) The specific heat of the system is independent of temperature and 
composition. 

(6) The system is sufficiently closely adiabatic. 


MATHEMATICAL ANALYSIS OF ADIABATIC HEATING 
AND COOLING CURVES 


The fundamental law governing the time-temperature plot of an adiabatic 
reaction is deduced as follows. Assumptions (4) to (6), and the last part of 
assumption (1), together imply that the rate of temperature change is a direct 
measure of the progress of an adiabatic reaction. Thus: 


|T,; —-T| =cH/C (1) 
or in differential form: 
+dT = (H)Cde 


Next, combining the mass law for a nth order reaction: 


ky, = — c~"dc/dt 
with the Arrhenius law: 
ky = Xe7#/RT 
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we obtain by eliminating k,: 
de/dt = — Xce~#/RT (5) 


In this equation we finally eliminate the concentration c by substituting from 
Equations (1) and (2): 


+ dT/dt = X(C/H)""(T; — T)"e~#/R? (6) 


and thus obtain the fundamental differential equation governing the heating 
or cooling curves of adiabatic reactions. 

A slight rearrangement gives a form convenient for plotting experimental 
data. For all but first-order reactions we have: 


nl: In (d(T, — T)!-*/dt] = In [(n — 1)-X-(C/H)""] — E/RT (7) 
while for a first-order reaction Equation (8) holds: 
n= 1; In[— dln (7, — T)/dt] = nX — E/RT (8) 


In either case the left-hand side—obtained from experimental data—is plotted 
against 1/7, and EZ found from the slope. If n is correctly chosen, a straight- 
line plot is obtained in all cases. The important first-order case is fortunately 
independent of H and C, and X is directly obtained from the intercept. When 
n ~ 1, the calculation of X requires an estimate of the ratio C/H which will 
generally be obtained by substituting the initial experimental values 7'p and co 
in Equation (1), though independent measurements could be used. 

Turning now to the general outline of curves obeying the differential law of 
Equation (6), it is clear that in endothermic reactions T > 7; and dT7’/dt is 
negative, increasing steadily to zero, its asymptotic value. The much larger 
class of exothermic reactions now to be discussed lead to the S-shaped heating 
curves familiar in thermal studies of vulcanization, polymerization, etc. Ac- 
cording to Equation (6), the S-shape results from the progressive balancing and 
final swamping of the temperature effect (exponential term) by the mass 
action effect represented by the term (7; — 7)". Formally any exothermal 
adiabatic reaction obeying Equation (6) belongs to an S-shaped heating curve, 
which may be extrapolated in theory back to an asymptotic approach of the 
absolute zero. This feature is shown in the accompanying sketch, which also 
illustrates results obtained by forming the first two differential coefficients of 
Equation (6) with respect to time. The vanishing of the first locates the 
inflection point of the S-shape: 


T,; — T* = nRT**/E (9) 

The vanishing of the second locates the points JT’ and T”’: 
T; — T’ = G'nRT"/E (10) 
T, — T” = G’'nRT""/E (11) 
where G’ and G”’ are easily calculated functions of n (and, formally, of the ratios 
E/T’ and E/T” respectively; the slight dependence of G’ and @” on these 

ratios can be neglected). 

A spotting of these points—particularly the easily found inflection-point— 


saves unnecessary graphing by suggesting the correct value of n; thus two heat- 
ing curves agreeing in all their parameters except that one belongs to a first- 
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the other to a second-order, reaction, have in practice inflection points 15° 
or 20° apart. Moreover, the temperature being measured electrically, and 
since currents can be differentiated with respect to time quite accurately by 
well-known electrical circuits, direct measurement of these critical points by 
electrical null methods does not seem excluded; hence E and n would be found 
and checked from Equations (9) to (11). 

Instead of confining attention to a single heating curve, one can combine 
data from a number of adiabatic runs on the same reaction. Thus a linear 
plot can be based on measurements of T* and the slope M at 7* (see Figure 1) 
for a number of runs according to the following equation: 


In M'/"/T* = — E/nRT* + In (nR/E) + (1/n) In X 
+[(n —1)/n]In(C/H) (12) 
The left-hand side is plotted against 1/7*. 


bo kK 











ee M (Maximum slope). prin 


ama 





Fia. 1.—Sketch of typical heating curve. 


While a number of ways have now been presented for working up mathe- 
matically time-temperature data of adiabatic reactions, a direct comparison 
between theory and practice, as distinct from a mere computation of the best 
parameters to fit given curves, is afforded only by direct solution of the differen- 
tial Equation (6). 


INTEGRATION OF THE ADIABATIC HEATING AND COOLING LAW 


For integral reaction orders n, Equation (6) can be integrated in terms of 
the tabulated exponential integral: 


Ei(y) = f ” (e/2)de (13) 


i) 
One uses the substitution: 


Q = (E/R)(1/T — 1/T;) 
so that: 
Ty — T = RT/Q/(RTQ + £) 
and 


T = ET,/(RT,Q + E) 
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in Equation (6) and obtains: 
d¢_ dt da? _ d(i/T) 


dQ dT d(1/T) dQ 


a > a) (ett * etiRr1e0.( ET; y2 
X ( 5 RTQ RT,Q +E) E 





Hence: 


bea (RIAtD™ 
p= a ma, oe 


Q 


(with the proper limits of integration) where a is a known quantity. 
The last integral is expressed in terms of the subsidiary integrals: 


e*dQ 


J, = f er/erag with 2<Erc€n 


J, is itself reduced to J; = E,(Q) by integration by parts thus: 
(r — 1)J, = Jr-1 — e9/Q™, ete. (18) 


The unimolecular case, n = 1, can be easily integrated, the solution being: 


— i , Le — ca E/RTS7 RAO cow 
where the positive sign on the right-hand side refers to an exothermic, the nega- 
tive to an endothermic reaction. 

It should be noted that X generally enters the solutions merely as a multi- 
plier of ¢; variations in its value are therefore equivalent to a variation in the 
time unit employed. It is, accordingly, sufficient to know n and E to compare 
an experimental heating or cooling curve with its correct theoretical counter- 
part. These theoretical curves, typified by Equation (19), form the basis of 
interpretation of time-temperature data collected by chemical technologists 
investigating the heat-effect of reactions carried out adiabatically. 


DISCUSSION 


We now come to a discussion—of a preliminary nature—of the possible 
value of the adiabatic method for making kinetic measurements. A full 
statement will clearly have to await the execution of planned adiabatic experi- 
ments on reactions selected from the wide range already explored by the iso- 
thermal technique. 

When examining the validity of the listed assumptions on which our mathe- 
matical treatment is based, two general considerations are of importance. The 
first is that assumptions (4), (5) and (6), and usually (2) and (3) also, are true 
limiting conditions as the range of time-temperature measurements considered 
is reduced. This is also true of deviations from molecular equivalence as 
postulated in assumption (1). While it is obvious that in practice a reduction 
in the range of data employed is sooner or later checked by the attainable ac- 
curacy of thermal measurements, a brief note on modern thermometric tech- 
nique will show that measurements can in fact be made accurately on relatively 
narrow ranges. 

The second consideration is founded on the fact, according to Equations (7) 
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and (8), the adiabatic plots are analogous in form to the traditional Arrhenius 
plots, the expressions In [d(7; — T)'-"/dt] and In[— dI1n(T; — T)/dt] 
taking the place of k, and ki, respectively. If these expressions can, therefore, 
be measured as accurately as the traditional mass law constants, the same tem- 
perature ranges as are normally covered by a number of isothermal runs for 
determining E suffice, 7.e., about 20 degrees. Such temperature changes can 
be obtained in numerous reactions by allowing them to proceed adiabatically 
to only one-fifth completion. Despite the inaccuracies inherent in the graphical 
evaluation of the above logarithmic expressions (involving the drawing of 
tangents to suitable graphs), it may be possible, because of the outstanding 
accuracy of thermometric measurements, actually to exceed the accuracy with 
which the mass law constants are determinable from the conventional iso- 
thermal straight-line plot in individual cases. 

Concerning the listed assumptions individually, the following remarks 
will suffice. Constant deviations of the activity coefficients from unity (as 
postulated in assumption (1)) affect our mathematical treatment only in a 
trivial manner. As regards assumption (2), it is clear that the adiabatic tech- 
nique provides no separate verification of the Arrhenius law but has to assume 
its validity. But in cases which are found to be reasonably accurately de- 
scribed by our equations, it is hardly conceivable that we should be misled by 
mutually cancelling errors into more than minor deviations in the measured 
reaction parameters. The Arrhenius law has been found almost universally 
to be so well obeyed through temperature ranges such as we require (in homo- 
and heterogeneous, catalyzed and uncatalyzed reactions), that more ingenuity 
has had to be expended on explaining the fact of its accurate verification than 
departures therefrom. 

Assumption (36) is probably the most troublesome, since it excludes from 
the adiabatic technique—in the simple form here given—such composite and 
complicated reactions as have provided the masterpieces of elucidation of iso- 
thermal kinetics. It must be admitted that if the kinetics are complicated 
(thus invalidating assumption (3b)) the mathematical inconvenience of allowing 
the temperature parameter to vary far outweighs any experimental advantage 
the adiabatic technique may provide. But though it may fail to disentangle 
the elementary steps of complicated reactions, it may yet serve to measure 
overall activation energies which are occasionally measured isothermally for 
such reactions as vinyl polymerization. Assumptions (4) and (5) are not 
thermodynamically independent in the sense that if the reactant and resultant 
system have the same specific heat, the heat of reaction cannot vary with tem- 
perature; both assumptions are, moreover, commonly made in _physico- 
chemical work covering temperature ranges as limited as are here required. 

Regarding assumption (6), it may be stated that, with proper technique, 
adiabatic conditions are easier to achieve than isothermal conditions. An 
isothermal technique requires heat exchange between the reacting system and 
the surroundings, and this factor leads one to reduce the size of the system. 
Adiabatic conditions, on the contrary, are favored by increasing the size of the 
reacting mass, to minimize heat transfer. Such transfer can, moreover, be 
practically eliminated by jacketing and controlling the jacket temperature 
electronically to correspond with that of the system. 

It is true that the necessity of truly adiabatic conditions entails the need for 
thermometers of very low heat capacity. These are found among electrical 
instruments, both thermocouples and resistance thermometers; for accuracy 
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and low heat-capacity the socalled Thermistor is outstanding. These instry. 
ments allow an accuracy to 0.0001°. It follows that, in principle, an adiabatic 
reaction covering only 10° C should be measurable to within one part in 105, 
which compares very favorably with the accuracy of, say, chemical titration 
used in isothermal experiments. It is also possible to amplify accurately 
thermoelectric currents by a combination of photoelectric and electronic 
principles?. The relative freedom from inertia and time-lag of such systems 
would be valuable in relatively fast reactions; the advantages could be en- 
hanced by replacing the galvanometer by an oscillograph. As already men- 
tioned, the current—once amplified—can be differentiated with respect to time 
by suitable induction circuits. 

Despite the favorable conclusions of this brief discussion, it appears as yet 
a matter for speculation whether an adiabatic technique can be generally 
developed (at least in kinetically straightforward reactions) to become a con- 
plementary tool to the conventional one. The same reservation is not made in 
respect of the kinetics polymer chemistry in which the author hopes to justify 
the employment of his method. 


APPLICATIONS TO THE KINETICS OF POLYMERS 


The argument for the employment of the adiabatic method in polymer 
chemistry rests on the following considerations. 


(1) The isothermal technique is generally rendered difficult by the in- 
tractability of polymers (insolubility or slow rate of solution, high viscosity, 
etc.) and by the accumulation of the reaction heat. Thus Norrish and Brook- 
man’, working on the polymerization of styrene and methyl methacrylate, 
find an unavoidable S-shaped temperature rise of 20°C in a thermostatted 
polymerizing system of only 2 cc. in volume. Neither conduction nor convec- 
tion is effective in the gelatinous polymer for dissipating the reaction heat; 
this is stated‘ to limit the determination of Z. 

(2) As a result of these difficulties thermal studies are already used as an 
approach to kinetics in this field ; though little attempt seems to have been made 
to elaborate these studies on a mathematical basis or to evaluate the reaction 
parameters. Bruce, Lyle and Blake in a paper on vulcanization specifically 
state that the “heat effect during a chemical reaction frequently assists in the 
understanding of its mechanism”. Brickwedde® investigated styrene poly- 
merization by its adiabatic heat effect, and thus measured its energy of ac- 
tivation. 

(3) Existing data often demonstrate the a priori suitability of an adiabatic 
technique, though insufficient attention has generally been paid to strictly 
adiabatic conditions for a direct working up of published material. In at 
least two fields, S-shaped heating curves with temperature rises of over 100° C 
have been observed. One is the field of vinyl polymerization already men- 
tioned’, the other is that of catalyzed phenol- and cresol-formaldehyde resins’. 

(4) In a subsequent paper an example is worked out to illustrate, on the 
basis of existing data, the applicability of the technique to the kinetic analysis 
of the vulcanization of butadiene-styrene copolymer with sulfur. The author 
is planning further experimental work in the field of the vulcanization of rubbers. 
In conclusion, he would plead for the publication of relevant measurements, 
already in existence, on any chemical reactions. 
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SUMMARY 


Conventional kinetic measurements, based on isothermal reaction runs, 
have hitherto been used to evaluate the reaction parameters required for the 
description of a chemical rate process. These parameters are the order n of the 
reaction, its activation energy £, and its frequency factor X. A new technique 
is here proposed in which adiabatic reaction runs are employed. The tempera- 
ture change is used to follow the reaction progress. The theory of the heat- 
effect of adiabatic reactions is deduced, and the mathematical working-up of 
adiabatic time-temperature data for the evaluation of n, H and X is set out on 
the basis of stated assumptions. A critical discussion of the method follows, 
and shows that it is of particular value in polymer chemistry and wherever 
viscous rubbery or solid reaction media are encountered. The difficulties of 
heat exchange associated with isothermal measurements are avoided. To 
what extent the proposed method may be complementary to the conventional 
in general appears as yet a matter of speculation. 
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ADIABATIC REACTION KINETICS OF BUNA-S 
VULCANIZATION * 


M. Gorpon 


CuemicaL Division, DuNLop RusppER Co., Fort DuNLop, BirmMiInGHAM, ENGLAND 


In a previous paper! a technique for making kinetic measurements adiabati- 
cally instead of isothermally was discussed, and the possible advantages of this 
technique in reactions involving polymers was indicated. In the present 
communication, the theory is supported by an analysis of published data 
relating to the vulcanization of butadiene-styrene copolymer. 

There are considerable gaps in our knowledge of the overall chemical changes 
concerned in the vulcanization of various rubbers, quite apart from the kinetic 
interpretation of rate measurements and the postulation of elementary steps. 
Because of the difficulties involved, isothermal rate measurements have not 
yet given much insight into the kinetics or the chemistry of the time-honored 
sulfur vulcanization discovered over a hundred years ago. The difficulty of 
maintaining the temperature constant against the considerable heat of reaction 
is only one of the obstacles; that of finding a convenient and accurate measure 
of the progress of vulcanization considered as a chemical reaction is perhaps 
even greater. The difficulties of the adiabatic technique are essentially differ- 
ent in nature. 

Only conclusions of a preliminary kind are reached in this paper, largely 
because existing data are meager. Nonetheless, the fact that under suitable 
conditions first-order kinetics are obtainable is quite firmly established. This 
must be contrasted with the early measurements by Spence and Young, quoted 
by Williams*, which indicated that the isothermal vulcanization of natural 
rubber is a zero-order reaction, the rate of which depends on the initial amount 
of sulfur. The activation energy of Buna-S vulcanization is here found to be 
approximately 32,000 calories, which is in agreement with previous estimates. 
A frequency factor of 1.9 X 10 min.~ is caleulated. The meaning of these 
kinetic parameters, accepted provisionally as correct, is discussed below, and 
agreement with the views of Meyer and others on the mechanism of vulcaniza- 
tion is reached. 

The time-temperature data to be considered are those graphed by Bruce, 
Lyle, and Blake’, and refer to their experiment with Buna-S compounded with 
6 per cent sulfur. Of all the heating curves obtained during the vulcanization 
of rubbers‘, this particular one seems to approximate most closely true adi- 
abacity, and measurements were specifically undertaken because the “‘heat 
effect during a chemical reaction frequently assists in the understanding of its 
mechanism”’. 

The size of the Buna-S sample employed was sufficient to warrant Blake’s 
conclusion® that the overall temperature rise obtained would not have been 
very much larger if the size had been further increased ; also the bath tempera- 
ture employed was about midway between the initial and final temperatures of 


* Reprinted from the Journal of Polymer Research, Vol. 3, No. 3, pages 438-443, June 1948. 
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the adiabatic reaction. Nonetheless, instead of approaching a final maximum 
temperature, the graph consists of a heating branch, rising to a peak, followed 
by a shallow cooling branch. It is apparent that this deviation from adiabacity 
may—as a good approximation—be neglected if one compares the slopes of the 
two branches at equal temperatures. For highly accurate data a correction 
could be applied on the basis of such a comparison. The experimental points 
from the graph in question are shown in Figure 1, which has been obtained by 
accurate photographic reproduction and enlargement. The smooth graph 
drawn by the original authors has been deleted and the theoretical equation: 


dT/dt = 1.9-10'(493 — T)e—.000/kT ° K min.— (1) 


substituted without noticeable change in the accuracy of the fit. The im- 
plications of this equation (in which 7’ denotes temperature, and ¢, the time) 
are four-fold: (1) the final temperature reached under adiabatic conditions 
would be 492° K (this figure, important only for the thermochemical implica- 
tions of the experiment, does not enter further into our kinetic discussion) ; 
(2) the activation energy E equals 32,000 calories per mole; (3) the frequency 
factor X equals 1.9-10' min.~!; (4) the order n of the reaction is unity. 
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Fic. 1.—Temperature vs. time of vulcanization. 


While reference must be made to the earlier paper! for the theory underlying 
the derivation of this equation, the evaluation of the parameters from the ex- 
perimental data and the integration of the equation will now be discussed in 
some detail : 

Let 7; denote the final temperature, and 7* the temperature of the inflec- 
tion point (d?7/dt? = 0). The two points at which d*7/dt® = 0 are T’ (below 
the inflection point) and 7” (above the inflection point). @ will denote 
(7; — T) and V = E/RT. The following estimates were written down by 
inspection of the graph of Blake and his coworkers: 


T, = 493° K (0; = 0) 
T” = 489° K (0’”’ = 4) 
r 476.8° K (6* 16.2) 
T” = 461° K (0’ = 32) 
These values were substituted in the following theoretical equations! : 


6* = nRT*/E 
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60 = G@’nRT"/E 


6” = G’nRT'"/E 
G’ and @” are given by: 


, = 4 
G’ = E +(7te—) viv! —1) 


eee +m 1 y ” ” 


These functions are tabulated in terms of V and n once and for all; they are 
largely dependent on the value of n and but slightly on V. Equation (2) was 
used first to evaluate the activation energy from the estimated inflection point 
T*; thus E = 28,100n approximately. Now, Meyer states* that for natural 
rubber vulcanization E is about 30,000, and similar values can be calculated 
from the approximately known temperature coefficient of isothermal Buna-S 
vulcanization. Therefore, from the inflection point alone we find that if an 
approximately integral order is to be obtained, this must be a first-order reac- 
tion. FE was accordingly taken as 28,100 for a first approximation and, using 
Equations (3) and (4), 6’ was calculated to be 26° and 6” = 4.9°. While these 
values were only in rough agreement with the estimates listed, the more ac- 
curate procedure of a plot based on the first-order law: 


In [— d(ln 0)/dt] = In X — E/RT (7) 
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Fic. 2.—Determination of intercepts P Fia. 3.—Straight-line test for first-order law. 
(scale same as in Figure 1). 


seemed justified. As shown in Figure 2, tangents were drawn to the heating 
curve at various temperatures, and perpendiculars (lines of constant time) 
were drawn through each point of tangency. Each tangent and its correspond- 
ing perpendicular between them cut off some intercept P on the line T = T,, 
which is the line asymptotically approached at the end of the experiment. 
It is easily seen that: 


1/P = |d(In 6)/dt| (8) 


Figure 3 shows the plot of log P against 1/7—an excellent straight line of 
slope Z/2.3R = 6970; from the intercept of the plot on the log P axis, fre- 
quency factor X was found of the order of 10% min... A direct integration 








KINETICS OF BUNA-S VULCANIZATION 389 


of equation (1) using H = 32,000 was clearly justified. In integrated form 
this yields: 
Xt = Ei(V) — Ei(Vo) + eY/[Ei(Qo) — Ex(Q)] (9) 


where the following abbreviations are used: subscripts refer to the time—zero 
to the beginning, f to the final time; Q equals (V — Vy), and: 


Ei(V) = i erdx/x (10) 


0 


For our data V is of the order of thirty, while the integral (Equation 10) ap- 
pears to have been tabulated only in the range 0 < V < 20. An expansion 
in series of (9) was, therefore, used which converges rapidly when (V — Vo) 
is small compared to V. Writing W for (V — Vo) the series, expanded as far 
as the first three terms and rearranged, reads: 


Xt = e¥°/Vole" {1 + 1/Vo + 2/Vo? — W(1/Vo + 2V0? + W/Vo%)} 
— (1 + 1/Vo + 2/V0?)] + e”/[Ei(Qo) — Hi(Q)] (11) 


The expression on the right was calculated (using normal procedures of tabula- 
tion) at intervals of 4° between 7’) = 445.8° to 489.8° and also at 491.8° 
(T; = 493°). The resulting curve was superimposed on the experimental 
points of Blake and his coworkers and is shown in Figure 1; the frequency 
factor, X = 1.9-10" min.—', which enters as a multiplier of the time only, is 
found—not by calculation—but by adjusting the time scale when superim- 
posing the graph on the experimental data. 

In the sequel the values FE = 32,000, X = 1.9-10", and n = 1 are accepted 
provisionally as correct for the reaction between Buna-S and 6 per cent sulfur; 
it is pointed out, however, that the determination of FE and X from the graph 
under discussion is not very high. As in isothermal kinetics, the interdepend- 
ence of EF and X is such that if a higher value of E is chosen, X must also be 
increased to fit the data. It is estimated that FE = 32,000 may be too low a 
value by 5 per cent or too high by 10 per cent; correspondingly, X = 1.9-10" 
may be in error by about one or two powers of 10. More accurate adiabatic 
measurements than those under discussion should, in principle, yield an ac- 
curacy in the parameters comparable with that obtainable from a series of 
isothermal measurements. A high reliance can be placed on the present evalua- 
tion of the third parameter, the order n of the reaction. It is clear that no good 
fit of the experimental points can be obtained with integral values other than 
unity, and even the best such fit does not yield reasonable values of E or X. 
The usual caution, however, should be applied in arguing from first-order 
kinetics to true unimolecularity of reaction. It can now be shown that a 
reasonable picture of Buna-S vulcanization can be constructed on these kinetic 
parameters and our general, although somewhat scant, chemical knowledge 
relevant to the problem. Thus we may assume that, under Blake’s conditions, 
all of the sulfur is in solution in the polymer and that its rate and heat of dis- 
solution plays no part in the thermal changes measured. The reaction leads 
to the formation of a soft rubber and, as with natural rubber, the heat of reac- 
tion is proportional to the amount of sulfur originally present—within wide 
limits. The unsaturation of the rubber falls linearly with the proportion of 
sulfur chemically combined. The sulfur is originally present as free Ss (and 
possibly S¢) rings, and is finally converted predominantly to thioether and poly- 
sulfide sulfur linking carbon to carbon: C—S,—C. 
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It is clear from the last fact alone that the vulcanization reaction is complex 
and cannot merely consist of a single elementary step which is repeated until 
all the sulfur is exhausted. The first-order kinetics, on the contrary, must be 
the result of a slow, rate-determining step (one participant of which becomes 
progressively exhausted until its concentration dies away), which is preceded 
or followed (or both) by a series of fast steps which complete the overall reac- 
tion. Moreover, since we have followed the reaction by the adiabatic heat rise, 
the heat evolved by all the steps together must be strictly proportional to the 
progress of the slow step if our measurements are to be significant kinetically, 
The species whose disappearance is reflected in the slow first-order step can 
hardly be the polymer or any derivative thereof. This is vouchsafed by the 
absence of any appreciable steric factor; thus a frequency factor of 107 rather 
than 10" might reasonably be expected in a reaction involving a polymer. 
Moreover, the reactive positions in the polymer are far from exhausted by the 
6 per cent sulfur employed; whence a locally activated polymer is excluded as 
the disappearing species. The sulfur, on the other hand, is substantially 
combined at the end of the reaction, and the reactive species must be some form 
of sulfur. Early theories of natural rubber vulcanization have often centered 
on the interconversion of various forms of sulfur, and atomic sulfur has been 
invoked as a reactive intermediate. Consideration of energetic factors shows 
conclusively that the slow step with an activation energy of 32,000 must lie 
near the beginning of the sulfur breakdown, since the breaking of an 8x ring 
into 8 atoms requires some 400,000 calories per mole. The amount of S or 
even S: in equilibrium with 8; rings must be infinitesimal, and, accordingly, their 
concentrations, even if produced by fast steps, would vary either as the eighth 
or fourth root of the sulfur concentration, respectively, under isothermal con- 
ditions (or as a first approximation under adiabatic conditions). First-order 
kinetics are thus not possible if the activated species is imagined to be a sulfur 
atom. This is stressed because the absence of a steric factor (or entropy term) 
implied in the value of X here deduced might seem to render the atomic hy- 
pothesis attractive and support for it might be sought in the fortuitous fact 
that atomic sulfur has an activated state 36,000 calories above the ground level. 

A clear hint comes to our aid from the classic work of Meyer on the poly- 
merization of sulfur which is the basis of the rubbery or plastic state of the 
element. He writes’: “It is to be noted that in the absence of accelerators, 
vulcanization begins to take place at the same temperature at which pure molten 
sulfur begins to transform into amorphous sulfur. In the process active nuclei, 
consisting perhaps of Ss chains with free valences, are formed and will certainly 
react rapidly with olefins.” The idea is taken further by Farmer’, who dis- 
cusses in detail the (relatively short) series of fast steps that follow on each 
such thermal scission of a sulfur ring. 

If the unimolecular reaction: 


Ss (ring) ——— 38s (chain biradical) 


is to be the rate-determining step in the vulcanization of Buna-S under Blake’s 
conditions, it remains to account for the deduced frequency factor and activa- 
tion energy. The value found for the former is—as it ought to be—or the 
order of magnitude of a molecular vibration frequency. It is not considered 
that any marked entropy factor would be expected to slow down the proposed 
scission, since all the atoms and bonds in the 8s ring are equivalent. Provided 
any one of the eight sulfur atoms is sufficiently energized by collision, its two 
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bonds would be strained before the energy could become distributed around 
the ring. 

The activation energy of a short-chain reaction initiated by a unimolecular 
primary act should be approximately equal to that of the primary act itself. 
The activation energy of the suggested primary act, 2.e., the splitting of an Ss 
ring, should be only very slightly greater than its heat of reaction. The two 
statements may be summed up by saying that the activation energy of vul- 
eanization should, on the proposed mechanism, be very slightly above the heat 
of reaction of the splitting of anSsgring. Powell and Eyring have estimated this 
heat of reaction® to be 27,500 + 5000 calories. Thus the activation energy of 
32,000 calories here deduced for the vulcanization reaction under discussion, 
as well as the frequency factor and the order of the reaction, is in quantitative 
agreement with the hypothesis that the rate-determining step is the splitting 
of an Ss ring. 

The application of the adiabatic technique to vulcanization is favored by 
the circumstances that the simple primary act is followed by a chain of reac- 
tions, which—however complex—liberate on the average a constant amount of 
heat. This conclusion is supported by the known facts that the unsaturation 
and the heat of vulcanization change linearly with the proportion of sulfur 
employed. The simplicity of the primary act, moreover, appears to resolve the 
paradox that so complex a radical reaction as vulcanization could be so early 
got under control by the empiricism of rubber enthusiasts. The writer is 
engaged in experimental work to extend the application of adiabatic kinetics 
in the polymer field, e.g., to accelerated vulcanization. 


SYNOPSIS 


The adiabatic technique of making kinetic measurements has been applied 
to published time-temperature data concerning the vulcanization of Buna-S 
with 6 per cent sulfur. The kinetic parameters of the rate-determining step 
are calculated within stated limits of accuracy; the rate-determining step is 
thereby identified as the reaction Ss (ring) — Ss (chain biradical) which has been 
speculatively advanced as the first step in vulcanization by some investigators. 
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Introduction —During the last few years considerable advances have been 
made in the theory of polymerization processes, and these have a direct bearing 
on the manufacture of synthetic rubbers and plastics and the properties of the 
various products of this type that are now handled by the rubber industry. The 
most important industrial process involves emulsion polymerization. This 
is used in the production of types, such as GR-S, Perbunan, and Neoprene, and 
also in the production of polyvinyl chloride. World production of these emul- 
sion polymeric materials is in the region of hundreds of thousands of tons per 
annum, and the process is probably one of the more important chemical manu- 
factures developed in the last decade. No large manufacture of synthetic 
rubber has been developed in Great Britain, mainly because of war-time exigen- 
cies and economic considerations, and the only significant contribution made 
by British chemical industry to alleviate the war-time scarcity of natural rub- 
ber was to develop a large-scale production of polyvinyl chloride to satisfy 
the requirements of the cable trade'. 

There has, however, been some research activity on synthetic rubber in 
this country since 1935 in the laboratories of the Dyestuffs Division of Imperial 
Chemical Industries, Ltd. Activity in the main was concentrated on the diene 
emulsion interpolymer types and a large number of second components were 
examined for interpolymerization with both butadiene and chloroprene. 
Comparatively few interpolymerize to give rubbers with reasonably good 
vulcanizate properties. These have been disclosed in the patent literature’. 

Parallel work was being carried out in the laboratories of I. G. Farben- 
industrie and later in America, and the results of much of this have now ap- 
peared in the technical literature and in the accounts that are now available 
on German war-time activities. The general conclusions were similar. 

Early laboratory assessment indicated that a promising candidate as an 
abrasion-resisting rubber is the interpolymer of butadiene with methyl metha- 
crylate’, and it is interesting to note now that the I. G. were developing this type 
in Germany towards the end of the war as Buna-M. Among the best oil- 
resistant types is the interpolymer of chloroprene with cyanoprene* and a 
small-scale manufacture of this was undertaken in this country in improvised 
plant during the early stages of the war because a highly oil-resistant rubber was 
essential in aircraft production. This was handled by the rubber trade in this 
country as Neoprene-Z. The only other suitable product was the Buna-N 
made by I.G., which, of course, was not available to us at that time. Effort 
was not confined to the diene rubber types; other high polymers with rubber- 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 23, No. 5, pages 219-230, 
February 1948. 
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like properties were also explored, and this gave rise to the ester rubber which 
is now being marketed as Vulcaprene. 

During the course of these investigations much information was collected 
on the polymerization features which affect both the polymerization speed and 
the properties of the rubbers, and the object of this paper is to survey this aspect 
of the work. 

For example, in a butadiene interpolymerization process, there is a large 
number of individual reaction steps occurring simultaneously, and their rela- 
tive speeds govern not only the rate of polymer production but also have a 
direct effect on the molecular structure of the resulting polymer and, therefore, 
on those properties which are of technical interest. 

The polymerization recipes used include, in addition to the two monomers, 
an aqueous solution of an emulsifying agent, usually an organic sulfonate or a 
soap; a peroxy catalyst, such as hydrogen peroxide, perborates or persulfates 
or in some cases oxygen itself; a chain transfer agent, such as dodecanethiol, 
carbon tetrachloride, or diisopropylxanthogen disulfide; sometimes a buffer, 
such as sodium borate or phosphate; and, in the more modern recipes, there 
may be present a reducing agent such as sulfite or glucose; finally additions 
may be made of a small percentage of a metal salt or complex, usually iron or 
copper. 

The reactions occurring during the polymerization are complex and there 
are many individual reaction steps, most of them simultaneous. There are at 
least two reactions which involve the catalyst system and give rise to the free 
radicals which initiate polymerization. These are followed by the initiation 
reactions which involve reaction of the free radicals with either monomer. 
Then there are the propagation reactions, of which there are four main types. 
As the butadiene can add on by either a 1,4-addition or a 1,2-addition, there 
are in all nine possible reaction steps. There may be further types of addition 
if we consider the possibilities of head-to-head and head-to-tail configurations. 
The chain transfer agent also interacts with all these propagating steps, giving 
another series of reactions and, finally, there is the series of terminating reac- 
tions, at least three in number, but probably many more. 

In addition, it must be remembered that all these reactions take place in a 
heterogeneous system and they may occur either in the water phase or the 
monomer phase or at the aqueous, nonaqueous interface. Therefore. there can 
be up to a 100 simultaneous reaction steps, and this leaves out fine differences 
in the propagation reactions as the chains grow longer. The object of research 
in synthetic-rubber production is to balance and control these reactions so as to 
attain the most favorable polymer molecular structure for optimum technically 
valuable properties. 

In a simple vinyl polymerization, such as the polymerization of acrylonitrile 
dissolved in water, initiated by collision of a free radical with a monomer 
molecule and terminated by interaction of two growing chains, the rate of 
polymerization when stationary state conditions are attained is given by: 


dm kar 
|e Eee ok sb 
a "Ny * 


and the chain length of the polymer being formed at any given time is: 


m 
y = 2k, Vc 
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where m is the monomer concentration, r the free radical concentration, and 
ki, ky and k; are the velocity constants of the initiation, propagation and termi- 
nation reactions. 

We can now use this simple polymerization system as a basis for analyzing 
what is happening in the more complex emulsion interpolymerization. 

Initiation reactions.—The initial opening of the monomer double bond js 
usually effected in a vinyl type free radical polymerization by the use of peroxy 
compounds, such as benzoyl peroxide, hydrogen peroxide or persulfates. It is 
almost certain that they act by giving rise to free radicals. For example, 
benzoyl peroxide decomposes by the following reaction: 


(CgH;CO2)2— CO, + C.H;- + C.H;CO.- 
and the free radicals formed react with the monomer in the following manner, 
R- + CH. = CHX — R- CH; — CHX- 


The important catalysts for the emulsion processes used for the butadiene 
interpolymer rubbers, Neoprene and polyvinyl chloride are the water-soluble 
persalts and peroxides such as ammonium or potassium persulfate, perborates, 
and hydrogen peroxide. The persulfates are the most commonly used.  Per- 
sulfates do not decompose in aqueous solution at a fast enough rate to account 
for the initiation of the polymerization by free radicals arising from a spon- 
taneous decomposition®, and no adequate mechanism has yet been published 
that gives a quantitative picture. More is known of the most recent method of 
initiation of polymerization. This has been termed in this country ‘reduction 
activated” polymerization and in Germany “Redox” polymerization. 

The effect is produced by adding to a peroxy-catalyzed polymerization a 
suitable reducing agent’. This induces a considerable increase in the poly- 
merization rate. For example, with vinyl chloride, polymerization can be 
effected in a few minutes*, whereas previously it had taken many hours. 

The mechanism of the effect has been studied, using the acrylonitrile system 
as the reference polymerization and using as the catalyst pair persulfate and 
thiosulfate® and ferrous ion and hydrogen peroxide’. 

In both cases two molecules of the reducing agent react with one molecule 
of the oxidizing agent, and there are two consecutive reactions involving the 
intermediate formation of a free radical: 


ky 
Fet+ + H,0, ——  Fett+t -f- OH- + OH 


Fet+ + OH ——> Fet++ + OH- 


A similar mechanism occurs in the persulfate, thiosulfate reaction giving 
rise to a free radical which might be either -SO~, or OH. 

The stationary state concentration of the free radical in the presence of 
polymerizing monomer is then given by: 


_ k,[oxidizing agent ][reducing agent ] 
a k.[reducing agent ] + kim 





It will be seen that the value of r and, therefore, the rate of the induced 
polymerization is increased if k, is increased. Addition of a catalyst for the 
reaction between the oxidizing agent and the reducing agent is in effect equiva- 
lent to doing this. Powerful catalysts for the reaction of persulfate with 
thiosulfate are to be found among metallic ions with a changeable valency. 
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Thus addition of a few parts per million of Cut* has a considerable effect on 
this reaction rate, and the resulting increase in r is reflected by an enhanced 
polymerization rate’. In other words Cu** is a promotor of polymerizations 
catalyzed by the persulfate, thiosulfate reduction activation pair. 

Promoters of this type, although they increase the concentation of R and 
therefore effect a more rapid polymerization, also reduce the lifetime of the 
reacting system. Thus the addition of too much promoter results in very 
rapid initial polymerization followed by a complete cessation of polymerization, 
and it is necessary to adjust the recipe so that the reaction between the peroxy 
compound and the reducing agent does not go to completion before polymeriza- 
tion is complete. 

Using water-soluble pairs such as persulfate-thiosulfate or persulfate-sulfite, 
the activity for initiation of polymerization in emulsion has varied considerably 
with the monomer. They are particularly active with vinyl chloride®, methyl 
methacrylate", and acrylonitrile", but have little effect on butadiene and 
styrene. Thus it has been found that this type of reduction activated recipe 
is not markedly effective in promoting the interpolymerization of butadiene 
and styrene, but is so for interpolymerizations of butadiene with either acrylo- 
nitrile or methyl methacrylate”. In the latter cases the initiation reaction and 
therefore, the overall polymerization rate is enhanced by the reduction activa- 
tion effect on the acrylonitrile and the methyl methacrylate. 

There is some evidence for believing that the seat of the butadiene emulsion 
interpolymerization is at the aqueous, nonaqueous interface and, therefore, an 
attempt was made to locate as far as possible the interaction of the persulfate 
and the reducing agent to the interface. This was achieved by using as the re- 
ducing substance an organic tetravalent sulfur compound that might be expected 
to be more soluble in the nonaqueous phase than the inorganic salts previously 
used. The most active compounds found were dialkyl sulfoxides. The addi- 
tion of these to butadiene and styrene interpolymerization caused marked 
acceleration. Polymerization rates were achieved by this means which were 
comparable with those attained independently in Germany by using their 
Redox formulations. 

Preferred Redox formulations for butadiene interpolymerizations consist 
of the use of a reducing agent and an oxidizing agent, one of which is oil- 
soluble and the other water-soluble’. It is immaterial which agent is water- 
or oil-soluble. Examples of pairs used were persulfates and aromatic alde- 
hydes; and perbenzoic acid and dihydroxyacetone or glucose. It was also 
preferable to have present a small amount of metal with a changeable valence. 
These are just the conditions which the above theory on reduction activation 
had indicated to be most favorable for obtaining the optimum effect. 

The advantage of reduction-activation over the conventional polymeriza- 
tion method is that it not only speeds up the polymerization process but also 
permits the process to be carried out in a reasonable time at much lower tem- 
peratures. 

Lowering the polymerization temperature tends to give a more linear less 
branched polymer structure because the undesirable reactions which lead to 
branching can be expected to have a higher temperature coefficient than the 
normal propagation reactions which give the linear unbranched structure. 

The propagation reactions—During the last few years there has been con- 
siderable attention paid to the kinetics of the interpolymerization of two 
monomers in homogeneous systems, and this is now one of the more active 
fields of research within the polymer field. 
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The manner in which the interpolymerization proceeds is of particular 
importance where polymerization control is required to achieve the best physical 
properties. It is obvious that a preferential polymerization of one component 
results in an interpolymer heterogeneous in character and with poor physical 
properties. In, say, the interpolymerization of butadiene with a second com. 
ponent such as styrene or methyl methacrylate, this is easily seen to be so, 
Polystyrene or polymethyl methacrylate are far from being rubberlike jn 
properties, and polybutadiene made in an emulsion system is a very poor rubber 
indeed. Therefore the aim of interpolymerization of these components is to 
achieve as uniform an interpolymer as possible so as to be as far removed as is 
feasible from the undesirable extreme. The rates at which monomers dis- 
appear relative to one another in an interpolymerization system vary con- 
siderably from pair to pair. The relative rates of disappearance in the case 
of the pairs butadiene-styrene, butadiene-methyl methacrylate, butadiene- 
acrylonitrile and chloroprene-cyanoprene are not so great as to cause marked 
heterogeneity in the resulting interpolymer, although there are small differ- 
ences between them which result in effects on the rubberlike properties due to 
differences in the distribution of the monomer units in the interpolymers, 
In other cases, ¢.g., chloroprene-acrylonitrile, one monomer polymerizes much 
faster than the other, and to obtain the best effect both in rubberlike properties 
and in the utilization of the slower polymerizing monomer it is desirable to add 
the faster polymerizing monomer stepwise during the interpolymerization. 

In an interpolymerization involving monomers A and B, there are four 
main types of propagation steps. These are: 


oo a or ee ae ay eae 


(a) (a) 


~B— +B 
(8) (6) 


~A— +B ~B— 


k”’ 
~B—+A —— ~A— 


When stationary state conditions are attained, the ratio of monomers 
entering the polymer, or the composition of the polymer being formed at any 
given instant, is given by: 


da kt kyea + kb 
db kt ky'b + ka 


This equation for interpolymer composition has been derived and tested 
in nonemulsion interpolymerizations by American workers!®. 

The last two reactions are the ones we wish to favor if we require homoge- 
neous interpolymerization. In the work carried out in the laboratories of the 
Imperial Chemical Industries, Ltd., the assumption was made that the inter- 
polymerization propagation constants were equal, i.e., kt! =k" =k,°. This 
simplification makes it easier to appreciate the general effect of the inter- 
polymerization tendency on the course of the overall polymerization and the 
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homogeneity of the resulting polymer, and is justifiable here as we merely 
wish to have a qualitative picture of the interpolymerization tendencies in the 
more complicated emulsion interpolymerization system. The simplified 
formula is: 

da a k,*a+k,‘b 

db b k,*b + k,‘a 


As the interpolymerization proceeds and monomers are used up at different 
rates, there is a drift in the value of a/b, which results in a variation in the 
composition of the interpolymer formed with time. 

In some cases there is one value of a/b, depending on the relative values 
of the constants involved at which the constitution of the polymer being formed 
is the same as the constitution of the monomer mixture. 
k,tat+k,b . eer a_k,°—k,° 
k,b+k,ea is unity, 7.e., when ag ema 
A polymer formed under such conditions has been termed by Wall an “‘azeo- 
tropic copolymer’”!®, 

This “azeotropic’”’ interpolymerization condition cannot be attained if 
either ky’ or k,* are >k,° because the value of a/b is a negative imaginary 
value. A simple case is when k,° and k,* are zero. This holds for the emulsion 
interpolymerization of isobutylene and diethylfumarate, and azeotropic inter- 
polymerization conditions are attained when the monomers are present in 
molar ratio. If there is a higher ratio of isobutylene to diethyl fumarate 
than unity, then the polymer formed from molecular equivalents leaves a 
residual monomer ratio with an increasing amount of isobutylene, and vice versa. 

In the butadiene emulsion interpolymerizations studied in detail in the 
laboratories of Imperial Chemical Industries, Ltd., using uncatalyzed emulsion 
recipes only the system butadiene-methyl methacrylate behaved as if it had a 
value of k,° larger than k,* or k,® and azeotropic interpolymerization conditions 
were attained with about 60 per cent by weight of methyl methacrylate in the 
monomer mixture. When the methyl methacrylate content of the initial 
monomer mixture was less than this, the polymer formed had a higher methyl 
methacrylate content than the initial monomer mixture. 

The butadiene interpolymerizations with dimethyl fumarate and with 
acrylonitrile behaved as though k,® (B = butadiene) was of the same order as, 
or even larger than, k,°, and k,* was smaller than k,°, it being observed that 
the polymer formed contained less of the second component (A) than in the 
initial monomer mixture. This was observed for interpolymerizations in 
which the initial monomer mixture contained between 15 to 80 per cent of 
acrylonitrile. That is, azeotropic interpolymerization conditions either could 
not be attained with this system because k,° was smaller than k,°, or k,° was 
only slightly greater than k,’ and would only give azeotropic polymerization 
conditions when less than 15 per cent of acrylonitrile was present in the mono- 
mer mixture. It has recently been reported that azeotropic interpolymeriza- 
tion has been obtained with an emulsion interpolymerization of butadiene and 
acrylonitrile at a molar ratio of 1.6 butadiene to 1 acrylonitrile, 7.e., with 32 
per cent of acrylonitrile in the initial monomer mixture!’. This discrepancy 
is probably due to differences in the polymerization recipes employed. Cat- 
alyzing the interpolymerization with a water-soluble persulfate would tend to 
increase the aqueous phase polymerization of acrylonitrile which would be 
reflected by an increase in k,*. It is thus possible that a pseudo-azeotropic 
polymerization is set up in this case, where both k,* and k,° are larger than k,°. 


These conditions are attained if 
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The rate of interpolymer formation, as might be expected, varies with the 
ratio of polymerizing monomers. Assuming a mutual chain terminating 
process, and assuming that the three possible terminating processes: 


~A—+~A— — 
~B—+~B— ——> pdead polymer 


have the same rate constant k;, the rate of polymer formation is given by: 





(kita + ky “a + k br k,2a® + 2k,°ab + k,°b? 


m 


If in addition k,* and k,°, which are the rate constants for the initiation 
of chains by reaction of free radical R with monomers A and B, respectively, 
are not very dissimilar, then the effect of monomer ratio on the rate of polymer 
formation is entirely dependent on the relative values of k,%, ky’ and k,°. If 
k,* is much larger than k,* or k,° as in the case of isobutylene—dimethyl fumarate 
emulsion interpolymerization, or somewhat larger, as in the case of butadiene- 
methyl methacrylate uncatalyzed emulsion interpolymerization, the rate of 
polymerization has a maximum value at an initial monomer ratio corresponding 
to that for azeotropic interpolymerization conditions. 

If k,° is of the same order as, or greater than k,°, and k,* is small, as is the 
case for uncatalyzed emulsion interpolymerization of butadiene with dimethyl 
fumarate and with acrylonitrile, the rate of polymer formation falls with de- 
creasing butadiene content of the initial monomer mixture. Qualitatively, 
this is what has been observed for these uncatalyzed emulsion interpolymeriza- 
tions. 

If k,* and k,° are unequal, the maximum rate does not occur at the monomer 
ratio corresponding to azeotropic interpolymerization. Thus, addition of 
water-soluble catalysts and particularly water-soluble reduction activation 
pairs increase k,* in the case of butadiene-acrylonitrile emulsion interpoly- 
merizations. In addition, they increase the amount of aqueous phase poly- 
merization of the second component, and this can be qualitatively expressed in 
the above formulation as an increase in k,*. This results not only in a change 
in the rate of polymerization monomer ratio curve, but, as pointed out pre- 
viously, also can give pseudoazeotropic interpolymerization conditions, where 
the monomer ratio in the residual monomer mixture remains constant during 
polymerization but the polymer formed is heterogeneous. Strong reduction 
activation of butadiene interpolymerizations with persulfate and bisulfite, par- 
ticularly at temperatures above 35° C, gives products consisting of resinous 
particles dispersed in a rubber matrix. 

It is, therefore, readily appreciated that relative rates of consumption of the 
two monomers are not the criteria for degree of homogeneity of the resulting 
interpolymer. The governing factor is the relative value of k,° to k,? and k,’, 
and this is inherent in the monomer pair and the type of polymerization en- 
vironment. Thus, if the propagation constants have not the appropriate 
relative values, as is the case say, with, butadiene and vinyl chloride in emulsion, 
no major improvement can be achieved by changing emulsion polymerization 
factors. The degree of homogeneity in emulsion systems which do have reason- 
able relative values of the propagation constants can be affected by either step- 
wise addition of the faster polymerizing monomer, by stopping the polymeriza- 
tion at an early stage, and also by selecting conditions which reduce any 
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tendency for the monomers to polymerize in different phases. It is possible 
that the relative values may be altered by changing the polymerization tem- 
perature, but it is difficult to establish whether this is so because of the im- 
portant effect temperature has on other masking reactions such as chain 
branching. 

A major effect can be achieved by changing the environment or the type of 
polymerization. For example, with butadiene and methyl methacrylate, 
k,° is >k,* and k,° in uncatalyzed emulsion systems, but k,* is >k,’, and k,° 
is very small in benzoyl peroxide-catalyzed mass or solution interpolymeriza- 
tions. The trend in synthetic-rubber research, however, has been to search 
for a diene and second component pair that have favorable values of the propa- 
gation constants in an emulsion environment rather than to devise new poly- 
merization techniques that alter either the environment or the structure of the 
propagating chain end and, therefore, the propagation constants. The reason 
for this is undoubtedly the lack of success that has attended attempts to induce 
interpolymerization in pairs that fail to interpolymerize in emulsion by chang- 
ing to other known polymerization techniques such as sodium or Friedel and 
Craft catalyzed polymerizations. One exception, however, is the interpolymer 
of butadiene and isobutylene or Butyl rubber. In the emulsion interpoly- 
merization of butadiene with isobutylene, k,° is normal but k,° is insignificant 
and k,* is zero, and the resulting polymer is practically normal butadiene 
emulsion polymer. Changing the polymerization to low-temperature Friedel 
and Craft catalyzed polymerization changes the relative values of the propaga- 
tion constants and k,* > k,°S k,°, and it is possible to make an interpolymer 
containing butadiene and isobutylene, the product containing less butadiene 
than was present in the initial monomer mixture. 

The termination reactions.—In addition to the mutual chain termination 
reactions mentioned previously, in which the two free radical chain ends 
combine, termination can occur due to collision with a variety of substances 
present in the system either as deliberate recipe additions or as fortuitous im- 
purities. A current view is that they add on the free radical chain end, giving 
a more or less stable free radical configuration. Thus with the polymerization 
inhibitor benzoquinone, the chain ending mechanism is: 

O OH 
|| RM, | 
RM, — + 


iho 


| 
O O 


With a weaker inhibitor, such as m-dinitrobenzene, a less stable configuration is 
formed : 


This slowly reacts with further monomer to give: 
NO: 


< 
RM,—€_ NNO; + HM— 


and a new chain is initiated’. 
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Other chemical species can terminate a polymer chain and either react 
quickly with further monomer in this way or even give off a new free radical, 
which can initiate another chain. Thus when carbon tetrachloride is present 
in the system, the following reactions occur: 


RM,— + CCl, —— RM,CCI; + Cl— 
Cl— +M —> _ CIM— 


This is not chain termination. It is true a growing polymer chain js 
rendered inactive, but the growing chain end is transferred to a new poly- 
merizing molecule and the kinetic chain length, or the number of monomer 
molecules polymerized for each original act of initiation, may be little affected. 
It is convenient to treat these chain transfer reactions with the termination 
reactions because it now appears that chain transfer agents and chain terminat- 
ing agents differ only in the relative stability of the free radical addition prod- 
ucts they tend to form with the growing chain end. 

The chain terminating effect is to reduce both the molecular weight of the 
polymer and the rate of polymer formation, while the chain transfer effect 
reduces the molecular weight, without any marked reduction in the rate of 
formation of polymer. Chain-transfer agents are of considerable importance 
in the manufacture of diene synthetic rubbers because, in the first place, they 
enable the molecular weight to be controlled without increasing the time of 
polymerization. Too high a molecular weight gives a tough product which 
has to be broken down to a workable plastic material before compounding. 
There is, however, a more important effect of these chain transfer agents on the 
polymer structure which will become clear when we consider the chain branch- 
ing reactions. 

The growing chain end can react with dead polymer. It is presumed that 
it can either undergo a propagating reaction with double bonds in the polymer. 


| ! 
bu, CH: CH: 
M | 
RM,— + HC ——_ RM,—CH —— RM,—CH 
| ——» 
HC HC— ——— HC—M ,— 


txt cn CH; 


° . ° ° 
or it can_undergo a chain transfer reaction such as: 


bt 
RM,— + ! ‘ ——~ ask +H 


H+H —— HM— 


In both cases undesirable branching occurs. These reactions are more 
likely to occur the greater the amount of polymer in the polymerizing system, 
and this is the reason why it is desirable to stop polymerization before it goes 
to completion. 

The activation energy of these branching reactions, certainly of the latter 
type involving chain transfer'’, is higher than that of the normal propagating 
step of monomer addition. This means that the rate of the branching reac- 
tions is more dependent on temperature and the relative rates of the normal 
propagating reactions to the branching reactions increases with decreasing 
temperature. Therefore a more linear structure and better physical properties 
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can be obtained by reducing the polymerization temperature. This is the main 
reason for expecting that the use of reduction-activation in synthetic rubber 
manufacture will give improved products because it will permit the carrying 
out of the polymerization in reasonably short time schedules at much lower 
temperatures. 

The presence of chain-transfer agents in the polymerizing system introduces 
another reaction that competes with the undesirable chain branching reactions 
and therefore tends to reduce the latter. They are more effective for this 
purpose, the greater is the tendency for chain branching. Thus they are more 
effective the more polymer is present in the polymerizing systems, and in the 
German continuous processes the tendency was not to add all the chain- 
transfer agent at the first polymerization vessel but to inject part into one or 
several of the later autoclaves in the polymerization train. 

The I.G. used diproxid (diisopropylxanthogen disulfide) as a chain transfer 
agent in their Buna-S manufacture, and in America the preferred agent for 
GR-S manufacture was dodecanethiol. Our experience was that addition of 
either of these gives rubbers of improved plasticity, but also with poorer re- 
silience, and better effects are produced by the use of higher concentrations 
of a less active chain-transfer agent, such as carbon tetrachloride. This is 
particularly so with butadiene and methyl methacrylate interpolymers”®. 

The increase in plasticity on adding chain-transfer agents is, as pointed out 
previously, due to reduction in molecular weight and branching, but this is 
achieved at the expense of increasing the lower molecular-weight fractions in 
therubber. This results in a decrease in resilience of the final vulcanized rubber 
because there are a larger number of free polymer ends to be pulled through the 
vulcanized structure on deformation. 

It has been possible to deal with only the more important aspects, and per- 
haps the picture drawn has been oversimplified, but it is clear that considerable 
advances have been made during the last few years in our fundamental knowl- 
edge of the processes for making diene rubbers. Paralleling this there has been 
a continuous improvement in their technical properties, arising not only from 
improved polymerization procedure but also from adjustments that have been 
made in the compounding and vulcanization process. It is likely that this 
trend will continue, and the time will come when a descendant of the general- 
purpose synthetic rubber of the war years will evolve into a serious competitor 
with natural rubber in the abrasion resisting field, on a quality as well as on a 
cost basis. 
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REFRACTOMETRIC DETERMINATION OF SECOND- 
ORDER TRANSITION TEMPERATURES IN 
POLYMERS. IV. BUTADIENE-ACRYLO- 
NITRILE COPOLYMERS * 


RicwHarp H. WILEY anp G. M. BrAvER 


VENABLE CHEMICAL LABORATORY, UNIVERSITY OF NORTH CAROLINA 


INTRODUCTION 


A previous study of the low-temperature properties of a series of vulcanized 
butadiene-acrylonitrile copolymers! indicated an approximately linear relation 
between composition and brittle temperature. This study provides informa- 
tion relating low-temperature properties to copolymer composition for a series 
of industrially available butadiene-acrylonitrile copolymers of varying acrylo- 
nitrile content. The refractometric technique for determining second-order 
transition temperatures (7',,) as previously described? was used to determine T,,,. 


EXPERIMENTAL 


The refractive index data were determined at temperatures down to —75° C 
with dry-ice refrigeration as previously described’. It is often difficult to 
mount butadiene-acrylonitrile copolymers so as to obtain a sharp line dividing 
the dark and light fields. The following procedure was used in this study. A 
3-gram sample of the copolymer as supplied was pressed between sheets of 
aluminum foil at 100° C and 15,000 lbs. per sq. in. pressure for five minutes 
and cooled to 40°C under pressure. A Carver press with heated, water- 
cooled, 6-inch square platens was used. A piece of this film was clamped 
firmly but not too tightly between the prisms of an Abbé refractometer. _II- 
lumination by transmitted light was carefully adjusted to obtain a line which 
could be read to +0.0003. 

The Hycar-OR-15 copolymer was examined before and after milling. The 
sample was milled with cooling for 23 minutes on a 3 X 6-inch Stewart-Bolling 
rubber mill. The sample was pressed before mounting between the prisms. 
The values of 7,, were —25° C unmilled and —26° C milled, from which it was 
concluded that a short milling does not appreciably alter T,. The 28 value of 
1.5187 was not changed by milling. At temperatures below 0° C, the np value 
of the milled sample was 0.0010 below that of the unmilled sample. 

All but one of the polymers tested show a clear change of slope in the np- 
temperature data similar to that observed with other polymers?. The one 
polymer that did not show a clear break above —75° C may have contained 
sufficient low-molecular material to obscure the break. Another sample of 
the same copolymer showed the break. 

Brittle temperature (7,) measurements were made according to the tech- 
nique previously described’. The copolymers were milled 30 minutes and 
molded in 0.5 X 0.125 X 1.5-inch test strips. Six or eight determinations 
were made at +2° C of T, to locate 7, within +1° C. 


* Reprinted from the Journal of Polymer Science, Vol. 3, No. 5, pages 704-707, October 1948. 
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BUTADIENE-ACRYLONITRILE COPOLYMERS 


RESULTS AND DISCUSSION 


The second-order transition temperature observed for the butadiene- 
acrylonitrile copolymers are listed in Table I and plotted in Figure 1. These 
data show a linear relation between 7, and acrylonitrile content within experi- 
mental error. The average deviation from the line as drawn is less than +2° C, 
comparable with the accuracy of the determination of T,,, and the maximum 
deviation is from —5 to +3°C. 


TABLE | 
TRANSITION Point Data FOR BUTADIENE-ACRYLONITRILE COPOLYMERS 


Acrylo- __ 
nitrile Nitrogen Tm To 
Copolymer (%*) (%) (°C) (°C) Source4 


Perbunan-18 20.1 5.31 -—56 —-—55 Enjay Company, Inc. 
Perbunan-26N S60 7.55 —46  —46 Enjay Company, Inc. 
Perbunan-35N S90 9.66 -—34 —26.5 ag 4 Company, Inc. 
Hycar-OR-25 8.66 —37 -—33 The B. F. Goodrich Chemical Co. 
Hycar-OR-15 10.3  —26 -—23 The B. F. Goodrich Chemical Co. 
Butaprene-NF-NSP75 5.91 —52¢ —49.5 Xylos Rubber Co. 

Butaprene-NL 7.97 —41 —38 Xylos Rubber Co. 

Butaprene-N L-NSP84 6.91 —50  —47 Xylos Rubber Co. 
Butaprene-NAA 8.81 —39 —29 Xylos Rubber Co. 

Butaprene-N XM 10.3  —33 -—26 Xylos Rubber Co. 
Butaprene-20-90 13.7 -16 —16.5 Sole Rubber Co. 
Chemigum-N4NS 8.13 -—43  —35.5 Goodyear Tire & Rubber Co. 
Chemigum-N3 10.4 —32 —26.5 Goodyear Tire & Rubber Cc. 
Chemigum-N3NS 10.6 —27 -—24.5 Goodyear Tire & Rubber Co. 


¢ Based on nitrogen analysis. With one exception (Butaprene-NL), these values are within 3 per cent 
of the values pols om by eee. 

> Value from Kjeldahl nitrogen an — in this peters using procedure of Cole and Parks.* 

¢ Determined by method of Selker, Winspear, and Kemp. 

¢ The authors Teak the various firms listed for generously providing sam a and data. 

« Another sample showed no break in np-temperature curve above —75° 


NUIdDOoePNNKHODAOS 


Extrapolation to 100 per cent polybutadiene gives a value of —80°C. 
This is in fair agreement with the reported‘ value of —85° C for the brittle 
point of emulsion-polymerized polybutadiene as determined on vulcanized 
stock. Extrapolation to 100 per cent acrylonitrile gives a value of +52° C. 
This value compared with 7;,, values of crystalline polymers suggests a simi- 
larity of Nylon, 7m 47° C, rather than Saran, 7, —17° C. 

For these polymers, the refractive index changes 0.00028-0.00034 unit per 
degree of centigrade above 7;,, and 0.00020—0.00008 below T,,. These changes, 
summarized in Table II, show a possible relation between An and acrylonitrile 
content. 

Comparison of the transition and brittle points of the unvulcanized buta- 
diene-acrylonitrile copolymers reported here with the brittle point values for 
vuleanized copolymers previously reported! show that at 50 per cent acrylo- 


TABLE II 
REFRACTIVE INDEX INCREMENTS FOR COPOLYMERS ABOVE AND BELOW T7'q 


Acrylonitrile An/° C An/°C Acrylonitrile An/°C An/° C 
(%) (above Tm) (below T'm) (%) (above 7'm) (below Tm) 
20.1 0.00034 0.00020 33.4 0.00032 0.00012 
22.4 0.00034 0.00023 36.6 0.00033 0.00011 
28.6 0.00033 0.00015 39.1 0.00030 0.00013 
30.2 0.00033 0.00013 39.0 0.00033 0.00020 
30.8 0.00032 0.00011 39.5 0.00031 0.00009 
32.8 0.00034 0.00011 52.0 0.00028 0.00008 
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Fig. 1.—Second-order phase transition temperatures of 
acrylonitrile-butadiene elastomers. 





nitrile, at which point all three values lie within one degree centigrade, vul- 
canization produces little if any change in brittle point. At concentrations of 
20 and 30 per cent acrylonitrile, the brittle point is 5—8° C higher ; the transition 
point is 6-13° C higher after vulcanization. 


SYNOPSIS 


The second-order transition temperatures (T7,,) for fourteen commercially 
available butadiene-acrylonitrile copolymers with 18-50 per cent acrylonitrile 
have been determined refractometrically and found to be somewhat lower than 
the corresponding brittle temperatures (7). The data show a linear relation 
between 7, and acrylonitrile content. 
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PROCESS PROBLEMS IN LOW-TEMPERATURE 
EMULSION POLYMERIZATION * 


J. E. Troyan 


RESEARCH DEPARTMENT, PHILLips PerTroLeum Co., BARTLESVILLE, OKLAHOMA 


The Government-sponsored synthetic rubber industry was originally es- 
tablished as a national defense measure. Its principal task was to provide a 
domestic supply of general purpose elastomer which would serve as a replace- 
ment for natural rubber. The standard GR-S process which was selected for 
the manufacture of this polymer gave a product recognized to be somewhat de- 
ficient in certain properties'. During the last four years there has been a con- 
certed effort to develop improved elastomers which would equal or excel natural 
rubber in performance. Recently it has been shown that a greatly improved 
butadiene-styrene copolymer can be prepared by conducting polymerizations 
at temperatures considerably lower than the GR-S reaction level of 122° F. 
The low-temperature copolymers, which are rapidly progressing from pilot 
plant development to full scale production, show higher tensile strengths at 
both normal and elevated temperatures, better resistance to cracking, lower 
heat ‘build-up, improved processability, and much improved tire treadwear, 
compared to standard GR-S*. Activation of the polymerization by special 
recipes is required. 

In view of rapidly increasing interest in these new high quality products 
and expanded production, it is of interest to consider some of the chemical 
engineering problems involved in their manufacture. Standard GR-S is made 
at 122° F by polymerizing a 71/29 weight mixture of butadiene and styrene 
emulsified with soap in water*, whereas the low temperature polymers are made 
in much the same way except that the temperatures range from 0° to 50° F. 
Emulsion polymerization at low temperatures brings up several major prob- 
lems, none of which is presently involved in the manufacture of GR-S. These 
are: (1) the use of special activated recipes, (2) the refrigeration of polymeriza- 
tion equipment, and (3) the use of antifreezes. 

In estimating the refrigeration requirements, overall heat transfer coefti- 
cients, reaction rates, heat of polymerization, and coolant compositions must 
be taken into consideration. Investigation of latex viscosity is also pertinent 
because of its influence on heat transfer. Where polymerization temperatures 
approach or go below the freezing point of water, the use of an antifreeze for 
the aqueous emulsion is involved. Recovery of this antifreeze from latex 
complicates the usual GR-S latex stripping operation, but is necessary to make 
the low-temperature process economically feasible. 

Pilot plant investigations related to each of the above process problems 
have been carried out by the Phillips Petroleum Company during several years 
of development work. A general discussion of the low-temperature emulsion 
polymerization process which is based on this experience is presented in this 
article. ; 


* Reprinted from The Rubber Age (N. Y.), Vol. 63, No. 5, pages 585-595, August 1948. 
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ACTIVATION OF POLYMERIZATION RATES AT LOW TEMPERATURES 


If the standard GR-S recipe were employed in the production of low tem- 
perature polymers, extremely long reaction times would be encountered. 
For example, although the normal time at 122° F is about 12 hours to 77 per 
cent conversions’, it has been observed that approximately 25 to 65 hours would 
be required at 104° and 86° F, respectively. Polymerizations at lower tem- 
peratures would be even more impractical. Therefore, to manufacture low- 
temperature polymer at reasonable production rates, a reaction time ap- 
proaching that of GR-S had to be established. 

To accomplish this objective, considerable research was devoted to the 
development of special activated recipes which gave reaction times in the de- 
sired range. In general, a 12 to 18 hour reaction to 60 to 75 per cent conversion 
was considered satisfactory for plant-scale operations. Systems which re- 
sulted in relatively uniform rates of reaction throughout the polymerization 
were of particular interest from heat transfer considerations. In such reac- 
tions the maximum temperature differential required between the jacket and 
batch would be expected to be smaller than in runs where the rate of polymer 
formation (and rate of heat evolution) increases sharply during the course of 
the reaction. 
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Fic. 1.—Emulsion polymerization rates, using activated recipes at low temperatures. 


Typical time-conversion curves for several activated recipes, which were 
developed and eventually used by Phillips in the pilot plant production of low 
temperature polymers for tire tests, are given in Figure 1. The standard GR-S 
curve is included for comparison. Approximate compositions of the recipes 
involved are summarized in Table I. 
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LOW-TEMPERATURE EMULSION POLYMERIZATION 


TABLE I 
AcTIVATED RECIPES FOR Low TEMPERATURE EMULSION POLYMERIZATIONS 
Sugar-free : 
MDN-feic CHP-redox CHP-redox Standard 


recipe! recipe? recipe’ GR- 


Reaction 
Temperature (° F) 41 41 14 122 


Recipe Parts by Weight 
180 


Water ‘ 180-250 180 
Methanol — 16-25%! — 
Butadiene 2 70 72 
Styrene 28 
Emulsifier ' 4. 
Modifier 2-0. 0.1-0.3 
Catalyst ; 0.15 
Activator R 3. 2 
Electrolyte i 0.6 4 


1 Diazothio ether-ferricyanide activation. ? Iron pyrophosphate, sugar, cumene hydroperoxide system. 
‘Sugar-free variation of 41° F CHP-redox system. 4 Percentage of total aqueous phase. 


The relatively uniform reaction rates of the activated systems are ap- 
parent from the curves in Figure 1. In comparison, it is evident that GR-S 
polymerizes at a rather slow rate at the start, but then undergoes a marked 
increase in reaction rate beyond ten per cent conversion. The maximum rate 
seems to occur during a period of high latex viscosity (about 40 to 50 per cent 
conversion), where it has been observed‘ that heat transfer characteristics are 
ordinarily poorest. As a consequence, the maximum amount of cooling during 
GR-S runs must be provided when the jacket temperature is at a minimum. 
By contrast, the activated systems at 41° and 14° F show maximum rates early 
in the polymerization cycle, when latex viscosity is lowest and heat transfer 
conditions are more favorable. 


HEAT TRANSFER CONSIDERATIONS 


The exothermic heat of reaction during polymerization of GR-S is removed 
by circulating ordinary cooling water through the reactor jacket. When 
polymerizations are conducted at low temperatures, a special refrigerated 
coolant system must be installed. Before the capacity of such a refrigeration 
system can be calculated for a low temperature polymer production unit, 
several variables must be fixed. These are: (a) actual polymerization tem- 
perature; (b) available heat transfer area; (c) rate of heat evolution (average 
and maximum); (d) overall heat transfer coefficient, and (e) differential be- 
tween batch and jacket temperatures. 

For any particular system, the reaction temperature (a) and transfer area 
(b) are usually constant and readily established. Heat evolved in the poly- 
merizer (c), which must be removed by the refrigerated coolant, is composed 
of heat of polymerization plus heat imparted by the agitator. The latter 
value has been determined experimentally as the difference between power 
required by the agitator during reaction and the no-load power demand. 
Heat load due to polymerization was based in the pilot plant studies on the 
rate of polymer formation and an estimated heat of polymerization (AH,). 
Typical polymerization rates observed in low-temperature runs have already 
been described in the foregoing section. The selection of an average value for 
AH, will be discussed later in this section. In the absence of data on overall 
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heat transfer coefficients (d) at low temperatures, experimental values were de- 
termined by the pilot plant. This work is also summarized later in this section, 

After data for the first four points outlined above have been established, 
the required overall temperature differential (At) between coolant and batch 
(e) can be calculated from the general heat transfer equation: 


= UAAt 
q=Q,+ Q. = (AH,)(W)/9 + Q. = UAAt 


heat transferred, B.t.u./hr. 

polymerization heat evolved, B.t.u./hr. 

heat of agitation, B.t.u./hr. 

weight of polymer produced, lbs./hr. 

heat of polymerization, B.t.u./lb. 

overall heat transfer coefficient, B.t.u./(hr.) (sq. ft. ) (°F). 
area of cooling surface, sq. ft. 

temperature differential (° F). 


iu uu 


Then, using total heat load and indicated At, refrigeration needs for a specific 
polymerization process can be readily estimated. Examples of such calcula- 
tions are presented in another section of this paper, following the discussion 
of pertinent heat data. 

Heat of polymerization—As previously described, the heat evolved during 
polymerization was calculated in pilot-plant tests from the rate of polymer 
formation (W/@) and the heat of polymerization (AH,). Selection of an aver- 
age figure for AH, was difficult, since a wide range of experimental and theo- 
retical values were available. Following an analysis of all data, which took 
into consideration the fact that AH, varies with the combining ratio of buta- 
diene and styrene, it was estimated that 550 B.t.u. per lb. would be a reason- 
able average value for calculations. Even though the instantaneous heat of 
reaction may vary from this figure by +50 B.t.u. per lb. during polymerization, 
the possible error amounts to less than ten per cent. This was eventually 
found to be accurate enough to show differences in the heat transfer charac- 
teristics at various temperature levels. 

It should be mentioned in passing that the 550 B.t.u. per lb. value was se- 
lected on the basis of a combined styrene content in the polymer of about 23 
to 24 per cent by weight. Polymers prepared at 41° and 14° F by Phillips 
have shown roughly 22 to 25 per cent styrene, depending on the butadiene- 
styrene charge ratio used. Currently GR-S averages about 23.5 per cent 
styrene’. 

As a check on the assumed value of AH, the heat of polymerization for a 
76/24 butadiene-styrene copolymer was calculated very roughly from heats of 
polymerization reported for butadiene’ (19.0 k. cal. per mole) and styrene’ 
(17.4 k. cal. per mole). A value of 554 B.t.u. per lb. was obtained which agrees 
very well with the value assumed in this study. 

Heat transfer coefficients —Overall heat transfer coefficients for the low 
temperature systems were calculated from pilot plant data on polymerizations 
carried out in a 260-gallon, zglass-lined, jacketed vessel. Mixing was provided 
by a three-blade impeller agitator running at 100 r.p.m. The unit was equipped 
with a single baffle to prevent vortex formation. Heat transfer surface 
amounted to 39 to 41 square feet, depending on the volume of charge involved. 
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Heat removed by the jacket coolant was determined from the total heat of 
agitation and the heat due to polymer formation, as previously discussed. 
In all runs the heat of agitation (Q,), based on power readings, was assumed to 
be 1000 B.t.u. per hr. Some slight variation from this value was noted in 
different recipes, and at low and high conversions in the same run, but the 
differences were found to represent only insignificant errors in final U values. 

The average temperature differential between batch and jacket for any 
period of time was obtained by graphically integrating the area between the 
recorded batch and jacket temperature curves. Jacket temperature was 
taken as the average of inlet and outlet readings. Experimental results are 
discussed below. 

(1) 122° F standard GR-S system.—To compare heat transfer characteristics 
obtained in the 260-gallon pilot plant reactor to reported‘ standard plant data, 
several GR-S control batches were made at 122° F. U values at increasing 
conversions in these runs were calculated by Equation (2) in the following 
manner : 


Period in run 5 to 6 hours 
Conversion rise per hour 34.9 — 26.0 = 8.9% 
Average conversion for period (34.9 + 26.0) /2 = 30.5 
AT 12.0° F. 

Heat of agitation, Qu. 1000 B.t.u./hr. 

Jacket area, A 39 sq. ft. 

Monomer charge 550 pounds 

4H, 550 B.t.u. /Ib. 


q = (AH,)(W)/0 + Qa = UAAt 


__ (0.089) (550) (550) + 1000 
7 (39) (12.0) 
U = 59.7 B.t.u./(hr.) (sq. ft.)(° F) at 30.56% conversion 


v 


Data for individual batches are summarized in Table IT and plotted in Figure 2. 
TYpical results‘ for a 3750-gallon plant batch are also included for comparison. 
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Fic. 2.— Overall heat transfer coefficients for GR-S recipe at 122° F. 
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In the first 260-gallon run (R3) where two baffles were present, the pilot 
plant U values closely approached the standard curve. A single baffle was 
used in all subsequent runs at 122° F or lower to reduce turbulence, which was 
observed to interfere with modification of the polymer at 122° F. As a conse- 
quence of reduced baffling, U values were considerably lower early in the run. 
Beyond 50 per cent conversion, the results were essentially identical for both 
types of baffling. 

(2) 41° F activated systems.—The two activated recipes used at 41° F gave 
slightly different heat transfer characteristics, U values being somewhat lower 
at all conversions for the MDN-feic system. This was attributed to higher 
latex viscosity, which in turn appeared to be controlled by the lower amount of 
water-soluble activator ingredients present. In Table I, it is seen that the 
MDN-feic system contains considerably less activator than the CHP-redox 
recipe. 

Average U values for 41° F runs summarized in Table III are plotted against 
conversion in Figure 3. The minimum overall heat transfer coefficient with 
the CHP-redox recipe is about 38 B.t.u./(hr.) (sq. ft.) (° F), which is only 
slightly less than the minimum observed in the 122° F GR-S system. 

(3) 14° F activated systems.—At 14° F overall heat transfer coefficients were 
determined for several variations in the sugar-free CHP-redox polymerization 
recipe to establish which system gave the best results. The recipes used in the 
initial pilot plant work contained 180 parts of 16.7 per cent methanol. Latex 
was observed to be rather viscous, and freezing on the wall occurred when 
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Fig. 3.—Overall heat transfer coefficients for activated recipes at 41° F in 260-gallon reactor. 
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jacket temperature went below 0° F. The presence of a frozen latex film was 
reflected in U values, which dropped from about 27 to 15 B.t.u./(hr.) (sq. ft.) 
(°F) during the last hour of reaction. A subsequent run containing more 
aqueous phase (200 parts of 16.7 per cent methanol solution) to reduce the 
viscosity required jacket temperatures below —5° F, because of an abnormally 
fast reaction rate. Freezing was even more pronounced in this case, and U 
values dropped to ten B.t.u./(hr.) (sq. ft.) (°F). Four more batches with the 
same recipe (Table IV, Runs R90, 93, 94, and 95), which averaged 17 hours to 
60 per cent conversion and which were controlled with the jacket at —2° F or 
higher, indicated an average minimum U value of 21 B.t.u./(hr.) (sq. ft.) (° F) 
at 60 per cent conversion. The average U value vs. conversion curve based on 
these runs is given in Figure 4. 

When rapid reactions were subsequently encountered with the recipe con- 
taining 200 parts of 16.7 per cent methanol in two runs (R96-97), resulting 
jacket temperatures of —8° to —10° F again led to freezing of latex. The 
average U value curve for these batches is shown in Figure 4 to drop to nine 


TABLE IV 


VARIATION OF OVERALL HEAT TRANSFER COEFFICIENT W1iTH CONVERSION 
IN POLYMERIZATIONS CONDUCTED AT 14° F 1n 260-GALLON REacTOR 
U = B.t.u./(hr.) (sq. ft.) (° F) 
Aqueous phase: 200 parts 16.7% methanol 


Run 90 Run 93 Run 94 Run 95 Run 96* 
Conv. U Conv. Conv. Conv. U Conv. 
10.4 27.4 6.0 18.1 34.7 15.0 
18.7 28.5 13.5 32.0 28.0 22.7 
27.5 27.9 23.0 49.6 24.0 33.4 
36.1 23.8 31.9 57.3 22.6 42.6 
45.2 23.3 39.6 — — 48.8 
52.7 19.7 45.9 ~= — 52.3 
57.4 20.9 §1.2 — — 55.2 
Sct yaaa 55.8 — — 59.0 
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Aqueous phase: 200 parts 18% methanol 


Run{/% Conv. 7.0 14.1 243 34.7 44.5 52.5 
99""{ U 24.8 27.6 32.7 313 188 17.1 


Aqueous phase: 210 parts 18% methanol 
Runj% Conv. 44 144 241 326 43.3 51.7 
100, U 33.0 31.7 268 24.2 23.5 24.5 


Aqueous phase: 220 parts 18% methanol 
Run 102 Run 104 Run 112 Run 114 Run 117 Run 118 
-—— i | oui, 


~ 


Conv. U Conv. U Conv. U Conv. U Conv. U Conv. U 
9.0 22.4 2.0 37.3 8.4 7.0 . 5.9 32.9 6.8 25.5 
12.9 34.4 5 29.7 17.0 11.9 34.5 15.7 35.3 13.7 31.6 
19.4 36.0 5.6 35.9 27.0 16.8 33. 25.5 32.7 23.2 29.5 
26.6 33.6 24.3 36.4 35.9 29.2 30.: 34.9 31.9 32.4 30.2 
27.3 
22.3 

25.1 


37.0 28.8 32.6: 30.2 44.1 37.0 ; 43.8 25.6 40.9 


46.0 23.4 40.4 26.7 51.2 47.6 ; 52.3 20.5 49.0 


53.7 22.1 


56.7 53.0 25.8 - 
58.7 19.6 - 


58.1 32. — 


55.8 ; 


Freezing occurred. 
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Fie, 4.— Overall heat transfer coefficients for sugar-free CHP-redox recipe 
at 14° F in 260-gallon reactor. 
TABLE V 
AVERAGE OVERALL HEAT TRANSFER COEFFICIENTS FOR Low TEMPERATURE 
POLYMERIZATION SYSTEMS 
U = B.t.u./(hr.) (sq. ft.)(° F) 


Minimum U Values 
An ~~ 


cr 








at % at “% Conversion 
122° F Controls U Conv. 10 40 60 
Standard Plant 38 60 95 70 
260 gal. (2 baffle) 42 55 100 57 
260 gal. (1 baffle) 43 50 62 46 
41° F (260 gal.) 
MDN-feic 33 60 46 40 
CHP-redox 39 54 48 43 
14° F (260 gal.) 
Sugar-free CHP-redox 
(200 parts 16.7% CH;0OH) 21 60 34 24 
Sugar-free CHP-redox 
(200 parts 18% CH;0H) 23 50 34 27 27 


B.t.u./(hr.) (sq. ft.) (°F). A layer of frozen latex one-half inch thick was 
noted in the reactor when these runs were discharged. Detailed data are 
listed in Table IV. 

Increasing the methanol in the aqueous phase to 18 per cent in batch R99 
still failed to maintain a suitable transfer coefficient in the fast 14° F runs. 
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Values approached 15 B.t.u./(hr.) (sq. ft.) (° F) at the end of the run. Since 
freezing was not encountered in this case, it was concluded that the poor heat 
transfer was due to high latex viscosity. To reduce viscosity, the aqueous 
phase was increased to 210 parts (R-100), and then to 220 parts (R-102) of 18 
per cent methanol. The overall heat transfer coefficients were improved by 
this dilution, as shown by the average curve in Figure 4 for the system contain- 
ing 220 parts of 18 per cent methanol. 

(4) Summary of overall coefficients—The variation of U with conversion for 
the systems which have been discussed above is summarized in the average 
curves of Figure 5. Typical data are given in Table V. 
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Fia. 5.—Effect of temperature and recipe on overall heat transfer coefficient in 260-gallon reactor. 


Viscosity of latex.—It can be shown that fairly accurate heat transfer coeffi- 
cients can be calculated for latex films on pipe walls by using the McAdams’ 
equation for liquids in turbulent flow in round tubes: 


MD = 0.023(DG/to)°*(Chte/K)" (3) 
film coefficient of heat transfer 
inside diameter of pipe 
thermal conductivity 
= mass velocity 

Me limiting viscosity 

C = heat capacity 

n = 0.3 for cooling 


It is apparent from this equation that h may be expressed as a function of both 


Gand yu. as shown below: 
h = f(G/to)* (uo)? (4) 
h = f(G)°8(tte)7 9 (5) 





416 RUBBER CHEMISTRY AND TECHNOLOGY 


The simplified relationship (Equation 5) given above was applied to the 
analysis of the heat transfer problem in the agitated polymerization reactor. 
Two assumptions were made: first, that the overall heat transfer coefficient 
(U) is controlled primarily by the latex film; and second, that velocity of late; 
past the reactor wall does not vary appreciably because of constant speed 
agitation. This means that U should be influenced principally by changes in 
latex viscosity, and the higher viscosities encountered at low temperatures 
should, therefore, lead to poorer heat transfer coefficients. 

On the basis of this reasoning, it was decided to obtain latex viscosity data 
for various recipes tested in the pilot plant at 14° F. Results were used jn 
predicting changes in the U values. Unvented latex samples were withdrawn 
from the reactor into a precooled receiver held at about 0° to 10° F. Apparent 
viscosities were determined with a Brookfield Synchro-Lectric (rotating cyl- 
inder) viscometer. Since the rate of shear exerted by the constant speed ro. 
tating cylinder was relatively low, readings were estimated to be somewhere in 
the range between the limiting viscosity (u,.) and viscosity at zero shear, (uo), as 
discussed by Winding®. . 

Winding has reported that uo for GR-S latex at 68° F rises from 6.5 ep. at 
20 per cent conversion to 32 cp. at 80 per cent. By contrast, u. is constant 
at 6.5 over the same conversion range. As latex temperature drops from 104° 
to 41° F, uw increases from 5.2 to only 9.3 cp. The higher values for jo reflect 
the pseudoplastic character of unvented latex, which shows relatively high 
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Fic. 6.—Variation of apparent viscosity of unvented latex with temperature and conversion. 
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x R96 (200 PARTS 16.7% METHANOL) 
+ R99 (200 PARTS 16 % METHANOL) 


220 PARTS 18 % METHANOL 
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Fic. 7.—Variation in apparent viscosity of unvented latex with conversion at 14° F. 


stresses for low rates of shear. Apparent viscosities measured during this 
program were considered to be more closely comparable to the u. data men- 
tioned above. 

Although the experimental values were only considered qualitative, they 
were sufficiently graphic to allow prediction of improvements in overall heat 
transfer coefficients. A series of typical curves showing the effect of tempera- 
ture on latex viscosity at increasing conversion is shown in Figure 6 for 14° F 
run R96. Viscosity-conversion data for several different systems are plotted 
in Figure 7. Data are summarized in Table VI. 

The remarkable effect on viscosity of omitting electrolyte from the system 
containing 220 parts of 18 per cent methanol in run 20-53 is clearly evident. 
Because of the high apparent viscosities and the expected low U values, no 
large scale work was conducted with this recipe. The high viscosity values 
for R96 and R97 (200 parts of 16.7 per cent methanol) at 50 to 60 per cent 
conversion (Figure 7) are reflected in the relatively low U values reported in the 
preceding section (Figure 4). The 260-gallon runs containing 220 parts of 18 
per cent methanol which had lower viscosities (R104, R119), also had better 
coefficients (Figure 4). On the basis of these examples, it was concluded that 
the viscosity technique would be useful in evaluating the effect of such factors 
as the types and amounts of emulsifier, antifreeze or electrolyte on the overall 
heat transfer coefficients. 
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TABLE VI 


APPARENT Viscosity OF LATEX POLYMERIZED AT 14° F 
Variation with temperature at increasing conversion 
Batch R96 (200 parts of 16.7% CH;OH) 

% Conv. 10° F 15°F 20° F 25° F 30° F 
(Viscosity in centiposes) 

19.3 19 17 15 13 11 
35.8 43 38 35 32 28 
39.5 73 60 54 49 45 
43.8 99 89 82 75 69 
48.1 160 130 117 107 99 
52.0 275 160 127 116 105 
60.7 = 367 300 252 203 


Variation with conversion at 15° F 
7 





Type r ——, 
(200 parts 16.7% CH;OH) % Conv. 93 35.8 43.8 : 56.0 60.7 
“cp. 38 89 320 =. 367 
(200 parts 18% CH;OH) % Conv. 9. 41.9 54.4 s — ~— 
bu cp. 68 350 — 
(210 parts 18% CH;OH) % Conv. F 39.6 49.1 ; 58.3 
u cp. : ¢ 
(220 parts 18% CH;OH) % Conv. 
u cp. 
R119 (220 parts 18% CH;OH) % Conv. 
mM Cp. 
20-54 (220 parts 18% CH;30H) % Conv. 
a cp. 


20-53* (220 parts 18% CH:OH) %Conv. 45.7 57.0 


wep. | 338 770 1600 


* No electrolyte; all other runs contain 0.4 part electrolyte. 


REFRIGERATION REQUIREMENTS FOR LOW 
TEMPERATURE POLYMERIZATIONS 


Calculations for plant scale operation.—Using data developed in the pre- 
ceding sections, calculations were made to determine refrigeration requirements 
for polymerizations conducted in the 3750-gallon standard GR-S plant reac- 
tors at 41° and 14° F. Total heat load in each case was based on operation of 
the 24 reactors available in a 30,000 ton per year standard plant. It was 
assumed that each reactor batch contained 8000 pounds of monomers, and was 
reacted to 60 per cent conversion. Reaction times at 41° and 14° F were es- 
tablished at about 17 and 14 hours, respectively, for the CHP-redox systems 
(see Figure 1). This corresponds to average rates of 3.5 and 4.3 per cent con- 
version per hour. Rates were only 3.3 and 3.6 per cent per hour at about 
50 per cent conversion, where the minimum U values were observed. Mini- 
mum overall heat transfer coefficients at the two reaction temperatures were 
taken from Table V as 38 and 23 B.t.u./(hr.) (sq. ft.) (°F). Heat transfer 
area available in the reactors has been calculated as 270 square feet, while 
heat of agitation has been estimated‘ at roughly 15,000 B.t.u. per hr. The 
assumed heat of polymerization was again set at 550 B.t.u. per lb. 

With the above information, the temperature differential between batch 
and jacket at the lowest U value was first calculated as follows from Equation 2: 


(AH ,)(W)/0 + Qe = UAAt 
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At 41° F: 
(550) (8000) (0.033) + 15,000 = 38(290) (At) 


160,500 ok 
At = hop = 146°! 


(550) (8000) (0.036) + 15,000 = 23(290) (At) 
173,200 
ait 6670 


These values indicate that reactions would require minimum jacket tempera- 
tures of 
41-14.6 = 26.4 at 41° F; and + 14-26 = — 12°F at 14° F 
Having thus established the minimum coolant temperature, the total 
refrigeration capacity was estimated next. The following services were con- 
sidered : 


= 26°F 


(1) Maintenance of jacket temperature sufficient to control reaction (re- 
moval of reactor heat load). 

(2) Cooling of reactants to reaction temperature. 

(3) Compensating for heat gain through insulation and mechanical action 
of coolant pumps, etc. 


If reactions are 17 hours at 41° F, and one hour is allowed for charging and 
discharging, the total time cycle per reactor is 18 hours. At 14° F, the cycle 
would be 15 hours. In a 24 reactor plant, maximum daily heat load would be 
calculated as follows: 


REACTOR HEAT LOAD 


ata RS xX 24 = 32-17 hr. batches per day 


Q = 32[(8000)(0.035)(550) + 15000J17 = 91,800,000 B.t.u. per day 


24 
At 14° F: is X 24 = 38.4-14 hr. batches per day 


Q = 38.4[(8000) (0.043) (550) + 15000]14 = 109,550,000 B.t.u. per day 


SENSIBLE HEAT OF CHARGE 


Kach reactor charge of roughly 3100 gallons must be reduced from about 
80° F to the reaction temperature. Using an approximate specific heat of 
0.8 and specific gravity of 0.9 (7.5 lbs. per gal.), cooling requirements in- 
volved are: 

At 41°F: 

32.0(3100) (7.5) (0.8)(80-41) = 23,220,000 B.t.u. per day 
At 14° F: 

38.4(3100) (7.5) (0.8)(80-14) = 47,100,000 B.t.u. per day 


HEAT GAIN THROUGH INSULATION 


During 41° F operation, with coolant at about 20° to 25° F, heat gain 
through insulation of reactors, coolant tanks and lines, and primary refrigera- 
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tion equipment has been estimated at 100,000 B.t.u. per hr., or 2,400,000 
B.t.u. per day for ambient temperatures of 80° F. At 14° F, the gain would be 
3,695,000 B.t.u. per day. 


HEAT OF PUMPING 


Coolant circulation pumps on reactor jackets and on the main feed to the 
evaporators would represent a total power load of about 200 h.p. Assuming 
that total power rating represents energy converted to heat, then 200 X 24 
X 2546 equals a heat output of 12,250,000 B.t.u. per day, where 2546 B.t.u. 
is equivalent to one h.p.-hr. This estimated value was arbitrarily used for final 
refrigeration calculations at both 41° and 14° F. 


Tora, Heat Loap SUMMARY 


At 41°F At 14°F 
Rector heat load 91,800,000 109,500.000 
Sensible heat of charge 23,220,000 47,100,000 
Insulation heat gain 2,400,000 3,695,000 
Heat of pumping 12,250,000 12,250,000 
129,670,000 172,545,000 


Total refrigeration load based on the above values is equivalent to 450 
tons at 41° F and 599 tons at 14° F, where 288,000 B.t.u. per day equals one 
ton of refrigeration. In the design of a refrigeration system, these ratings 
would have to be specified at the minimum coolant temperatures previously 
determined at 41° and 14° F; that is, at roughly 25° and —14° F, respectively. 

The cooling loads calculated above could be reduced somewhat if heat ex- 
change were provided between charge ingredients and discharged latex. Such 
an operation would be most feasible in a plant where polymerization is carried 
out continuously. Even then, it is anticipated that the maintenance of a 
satisfactory coefficient on the latex film side might pose a major problem. 
Fouling by precoagulum formation could reduce over-all heat transfer coeffi- 
cients to a point where precooling would be inadequate at the normal rates of 
flow through the exchanger. 

Phillips pilot plant refrigeration installation—When the Phillips Petroleum 
Company rubber pilot plant was designed in 1942, a 20-ton mechanical re- 
frigeration unit was specified to control polymerizations in a 260-gallon reac- 
tor at temperatures ranging from 0 to 150° F. The unit is described briefly 
at this point. 

Propane is used as the primary refrigerant in the system, and 40 per cent 
aqueous methanol serves as the coolant which is circulated through the reactor 
jacket. Methanol is cooled by heat exchange with propane in process of being 
evaporated at constant pressure. Coolant temperatures out of the evaporator 
are regulated by automatic control of the propane pressure in the evaporator. 
Propane level in the unit is also maintained automatically by a liquid level con- 
troller. Propane vapor from the evaporator is compressed to 100 to 150 psig 
with a steam-driven Ingersoll-Rand engine. The vapor is then condensed at 
90° to 100° F, liquid being accumulated in a 200-gallon storage tank. 

The temperature of the coolant entering the reactor jacket is automatically 
controlled by blending proper volumes of refrigerated methanol from the pro- 
pane evaporator and warm methanol from a steam-heated exchanger with the 
main recirculation stream. Methanol is stored in a 300-gallon surge tank, and 
is circulated to the reactor system by a Goulds centrifugal pump. The flow 
diagram for the system is shown in Figure 8. 
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Fic. 8.—Refrigeration system for 260-gallon pilot plant reactor. 


ANTIFREEZE REQUIREMENTS IN THE EMULSION 


During the development of low-temperature polymers, batches were made | 
at progressively lower temperatures as new activated polymerization recipes 
were perfected to give faster reaction rates. Eventually a point was reached 
where the problem of freezing latex had to be considered. Observations made 
in the 260-gallon pilot plant reactor indicated that 41° F polymerizations could 
be controlled with the coolant at 25° F, with no indication of freezing at the 
reactor wall. Even minimum reactor jacket temperatures as low as 20° F 
could be tolerated for periods of 0.5 to 1.5 hours. However, these minimum 
values were encountered only at low conversions, where the latex film viscosity 
was relatively low. At higher conversions, where latex becomes more viscous, 
it is anticipated that freezing might eventually occur if the jacket were held 
much below 20°F. It is assumed that the electrolytes and other water- 
soluble compounds contained in the special activated recipes (Table I) are 
responsible for the depression in the normal freezing point of water which has 
been observed in these systems. 

Pronounced freezing was actually noted in one abnormally fast 41° F batch 
which required coolant below 15° F for two hours early in the run. The layer 
of frozen latex which deposited on the reactor wall was about ? inch thick. 
Its presence was reflected in very poor heat transfer coefficients. 

On the basis of the observations outlined above, it was concluded that 
jacket temperatures of 20° to 25° F could be safely tolerated in the activated 
polymerization systems containing no special antifreeze. This temperature 
limits the maximum temperature differential between jacket and batch to 
16° to 21° F, , 
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When emulsion polymerizations were conducted at temperatures in the 
range of 0° to 35° F, a special antifreeze compound had to be added to the re- 
action recipe to prevent freezing. Laboratory investigation of numerous 
materials to serve as emulsion antifreezes showed that ethyleneglycol, glycerol, 
methanol, dioxane, methylcellosolve and diethyleneglycol met one of the prin- 
cipal qualifications; that is, they did not seriously retard the polymerization 
when present in the aqueous phase to the extent of 20 to 25 per cent. Ethanol 
and acetone were pronounced inhibitors. Typical reaction data showing the 
effect of antifreeze in two different activated recipes are given in Table VII. 


TaBLe VII 
EFFECT OF VARIOUS ANTIFREEZES OF POLYMERIZATION RATE 
(Sugar-free CHP-redox recipe, 140 water/140 antifreeze) 


% Conversion at 59° F after 
Pen 





Type Boiling 

antifreeze pt. (°C) 4 hrs. 8 hrs. 24 hrs. 
Control, 180 H:O — 35.1 64.5 92.7 
Methanol |. 64.7 21.9 43.4 85.8 
Dioxane 101.4 0.2 1.5 54.9 
Methylcellosolve 124.3 22.8 42.6 82.0 
Ethyleneglycol 197.2 41.3 74.0 co 
Diethyleneglycol 245.0 37.3 65.0 — 
Glycerol 290.0 42.7 79.0 — 


(MDN-feic recipe, 200 water/50 antifreeze) 


% Conversion at 41° F after 
AW. 





Type Boiling r , 

antifreeze pt. (° C) 4 hrs. 7.5 hrs. 24 hrs. 
Control, 250 H.O — 56.4 69.9 72.5 
Acetone 56.1 3.9 24.5 
Methanol 64.7 17.3 31.1 61.6 
Ethanol 78.3 0.1 —- 3.5 
Dioxane 101.4 13.4 29.5 59.6 
Ethyleneglycol 197.2 59.4 75.1 83.9 
Glycerol* 290.0 52.4 65.5 —- 


* 175 H20/75 glycerol. 


Although glycol and glycerol actually accelerated the polymerizations, they 
were not considered practical antifreezes on account of their high boiling points. 
Recovery of these compounds from the latex by distillation, stripping or extrac- 
tion if at all possible, would constitute a major problem. Methanol, on the 
other hand, had one of the lowest boiling points of the materials evaluated and 
preliminary tests demonstrated that it could be recovered readily by steam 
stripping or distilling from the latex. For this reason, and despite the fact 
that it was a slight retarder, methanol was selected as the standard antifreeze. 
Methanol was also desirable from a cost standpoint, since it is cheaper than 
glycols and much less is required to give equivalent depression of freezing. 
The latter point is apparent from the data given in Table VIII. Another 
advantage was that latices containing methanol were much less viscous. 

In preliminary investigations at 14° F, the water phase in polymerizations 
was first adjusted to 16.7 per cent methanol (150 water/30 methanol). By 
interpolating from data in Table VIII, a freezing point of roughly 9° F (flow 
point 5° F) is indicated for this mixture. However, electrolytes in the recipe 
depress the freezing point further, apparently to the same extent previously 
observed in the 41° F system. Latex based on the 150/30 recipe did not freeze 
upon the 260-gallon reactor walls until coolant temperatures of about 0° F 
were experienced. 
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Inspection of latex taken from one of the 14° F reactions showed that it 
was slushy at 0° F and a paste at —5° F. Since the latex was extremely 
viscous, the total aqueous phase was increased from 180 to 200 recipe parts. 
Latex in runs at this level did not freeze even when jacket temperature dropped 
to —2° F. However, freezing was observed in several rapid runs which called 
for coolant at —8° to —10° F, so the alcohol content was raised to 18.0 per cent. 
Simultaneously, the total water phase was increased to 220 parts to reduce 
latex viscosity even further. The resulting recipe, which was eventually used 
in the preparation of substantial quantities of 14° F polymer, gave no freezing 
with coolant temperatures at —10° F. 


TaB_e VIII 
PROPERTIES OF AQUEOUS SOLUTIONS OF SEVERAL ANTIFREEZES? 








Ethyleneglycol Methanol Glycerol 
Weight F.P. Flow point Ag Flow point F.P. Flow point 
wie te CF) ° fy CF) CF) CF) CF) 
15 _- — 13.1 + 7.0 “= os 
20 18.0 16.6 + 2.8 —- 1.1 22.5 5.8 
25 — —_ — 6.2 —11.2 — — 
30 YY i + 6.8 — 18.4 —10.2 16.3 + 3.5 
35 + 1.2 — 2.4 —31.4 — 40.0 7.5 — 2.0 
40 — 7.8 —12.1 — 43.6 — 57.1 1.0 — 3.1 
45 — 16.0 — 30.1 — — + 0.4 — 4.0 
50 —31.7 —47.4 a = — 6.5 —18.4 
55 — 43.0 — 52.6 — — —17.5 — 32.6 
60 — 50.8 — 63.4 aa — — 29.2 — 43.6 


ANTIFREEZE IN THE COOLANT 


In running standard GR-S polymerizations at 122° F, the heat of reaction 
is removed through the reactor jacket with ordinary cooling tower water at 
70° to 110° F, depending on heat evolution rates and existing heat transfer 
coefficients. When low-temperature polymerizations are involved, water alone 
is an unsatisfactory coolant since subfreezing temperatures are ordinarily 
required. As in most refrigeration processes, a nonfreezing fluid must be used 
in the cooling system. This coolant must be able to withstand freezing at the 
temperature of the primary refrigerant (ammonia, Freon, propane, etc.). 
For example, if it is assumed that a 0° F polymerization requires coolant at 
—20° F, and refrigerant evaporates at —30° F to maintain this temperature, 
then a coolant which does not freeze at —30° F or lower is obviously required. 

Proper concentrations in water of various standard antifreezes can be pre- 
scribed to meet the conditions of such a low temperature process. Calcium 
chloride, though the least expensive, may be corrosive under aerating condi- 
tions, and further might not be suitable for 0° F operation. Sodium chloride 
cannot be used below its eutectic point of —6.0° F. Methanol, which has 
been employed in pilot-plant operations for several years, is essentially non- 
corrosive, but more costly than calcium chloride. Glycols are even more ex- 
pensive, higher concentrations are needed to give a desired freeze point, and 
solutions are more viscous, requiring extra power for pumping. In this last 
respect, calcium chloride and methanol solutions are practically equivalent. 
Isopropanol cannot be considered at temperaturés approaching —30° F, since 
like glycols it requires higher concentrations and is considerably more viscous 
than methanol. It is fairly suitable at higher temperatures, however. 








424 RUBBER CHEMISTRY AND TECHNOLOGY 


METHANOL ANTIFREEZE RECOVERY 


When methanol is used as the antifreeze in low temperature emulsion poly- 
merizations, there must be a provision in the process for recovering it from the 
latex, and recycling it in subsequent batches. These steps are obviously 
necessary if antifreeze costs are to be held to a minimum. Preliminary pilot- 
plant studies have indicated that essentially all methanol can be removed 
from latex during the same operations required to effect recovery of unreacted 
butadiene and styrene. A small amount of methanol is carried over during 
the venting of butadiene, while the major portion is taken over with the 
styrene during the steam stripping step. 

Latex made in the pilot plant was stripped in a 12-inch diameter, perforated- 
plate Pyrex column maintained at 100 mm. Hg absolute pressure. This corre- 
sponded to a top temperature of 125° to 130° F. Pressure drop through the 10 
plate column amounted to about 75 mm. Hg. Latex was charged at a rate of 
1.0 to 1.7 g.p.m. and steam was adjusted to, give steam to unreacted styrene 
weight ratios of 4to 1 to8 tol. A ratio of about 4 to 1 is generally employed 
in large scale operations where no methanol is present. Greater amounts of 
steam appeared necessary in stripping low temperature latex to recover the 
methanol antifreeze. 

Ternary system methanol-water-styrene—Condensate from the stripping 
operation separates into two phases: an upper styrene layer saturated with 
methanol and water, and a lower aqueous methanol layer saturated with sty- 
rene. In conjunction with the problem of analyzing this condensate, the solu- 
bility diagram for the system styrene-methanol-water was determined. Mix- 
tures of freshly distilled styrene and cp. methanol covering a large range of 
concentrations were titrated with distilled water to the first appearance of 
turbidity, which indicated the presence of a second phase. Samples were 
maintained in a constant temperature bath during titration. The equilibrium 
ternary compositions obtained in this manner define a solubility curve which 
divides the regions of one and two homogeneous liquid phases. Equilibrium 
data were established at both 15° and 25° C. Only a relatively small difference 
was noted between the two solubility curves. The curve obtained at 15° C 
is reproduced in Figure 9. Tie lines included in this diagram were obtained by 
allowing several heterogeneous ternary mixtures of known compositions to 
separate into conjugate layers and determining compositions of both phases. 

Specific gravities of the conjugate ternary solutions originally used in de- 
fining the solubility curve at 15° C were measured at 25° C to permit a correla- 
tion between specific gravity and methanol content of the equilibrium solutions. 
The specific gravity curve is shown in Figure 10. It was used for analysis in the 
following manner. Styrene and aqueous methanol phases obtained during 
stripping were allowed to reach equilibrium at about 15° C and were then 
separated. Specific gravities of both phases were measured at 25°C and 
methanol contents were read from Figure 10. Locating these values on the 
proper portion of the equilibrium curve in Figure 9 gave the ternary composition 
of both phases. Tie lines between these ternary points fell into the existing 
family of lines previously established if the sample phases were in equilibrium. 
It was estimated that results obtained by this approximate method of analysis 
were only accurate to 0.5 to 1.0 per cent of methanol in either phase. Styrene 
determinations by bromine titration were used to check data obtained by the 
gravity-composition correlation. 
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METHANOL 








WATER 10 20 ) 40 50 60 70 80 90 STYRENE 


Fig. 9.—Ternary equilibrium diagram for system styrene-methanol-water at 15° C. 
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Fie. 10.—Specific gravity 25/25° C vs. methanol content of equilibrium 
mixtures of styrene-methanol-water prepared at 15° C 
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Stripping results——Average composition of methanol and styrene layers 
from a typical continuous stripping operation in the pilot plant were as follows: 


Latex 
_ 





Aqueous Styrene r —~ 
phase ss phase Feed ca Stripped 


Compound Weight % : Weight % 
Styrene 98. 3. 
Methanol 3 ae 18. 
Water 6 0. 





3 0. 
0 0. 


0.2 
7. 
2.4 


Depending on the steam rates, the methanol content of the aqueous phase 
varies from 30 to 45 per cent. Since this is substantially greater than the 18 
to 25 per cent which may be used in the emulsion, it is evident that the re- 
covered methanol can be recycled to the process without further concentration. 
The small amount of styrene present in methanol and methanol in recovered 
styrene can be compensated for in charging, 


SUMMARY 


When emulsion polymerization of butadiene and styrene is conducted at 
temperatures in the range of 0° to 41° F, high elastomers possessing greatly 
improved properties are produced. However, low temperature operation in- 
volves several major process problems not encountered in the manufacture of 
standard GR-S at 122° F. These are the use of activated reaction recipes, the 
refrigeration of polymerization equipment, and the use of emulsion antifreezes. 

Redox-type activated systems which have been developed for low tempera- 
ture runs in the pilot plant result in reaction rates approaching those of normal 
GR-S even at 14° F. Heat transfer characteristics of typical activated recipes 
at 41° and 14° F have been investigated in a 260-gallon reactor and compared 
to similar results for GR-S at 122° F. Variation in overall heat transfer 
coefficients with conversion has been established at each temperature. Mini- 
mum U values of 43, 39 and 23 B.t.u./(hr.) (sq. ft.) (° F) were obtained at 50 
to 55 per cent conversion in polymerizations run at 122°, 41° and 14° F. 

Using experimental heat transfer data, refrigeration requirements for a 
standard 30,000 ton/year plant operating at 41° F and 14° F are calculated as 
450 and 599 tons, respectively. 

When emulsion polymerizations are conducted at about 0° to 35° F, special 
antifreezes such as methanol must be included in the reactionrecipe. Meth- 
anol is recovered from latex during the usual stream stripping of latex to 
remove unreacted styrene. A ternary equilibrium solubility diagram for the 
system styrene-methanol-water has been established to facilitate analysis of the 
two-phase condensate obtained during stripping. 
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TRANSPORT AND EQUILIBRIUM PHENOMENA 
IN GAS-ELASTOMER SYSTEMS.* 


I. KINETIC PHENOMENA 


R. M. Barrer AND G. SKIRROW 


BEDFORD COLLEGE FOR WoMEN, UNIVERSITY OF LONDON, REAGENT’S PARK, LONDON 


Recently attention has been directed to the more fundamental aspects of 
transport phenomena in elastomers. Permeability and diffusion constants for 
a large number of gas-elastomer and vapor-elastomer systems now available! 
were obtained by using the flow method as employed by Barrer? and by Daynes’, 
and by studying sorption kinetics in the bulk material‘. Interpretation of the 
process of diffusion in terms of the transition-state theory® and the statistical- 
kinetic theory® indicates that, for each unit act of the diffusion process to take 
place, a considerable zone of activation is necessary. An expression has been 
obtained, based on statistical considerations, for the size of a zone of activation 
in diffusion and in the related process of viscous flow’. 

Although attempts have been made to develop the statistical mechanics of 
cross-linked elastic networks, the parallel influence of cross-linking on transport 
processes has been little studied. The present paper is concerned with such 
nonequilibrium properties. Nitrogen, ethylene, and the normal paraffins 
from methane to butane were used so that the influence of molecular dimensions 
and chain length could be measured in permeation and diffusion where the 
elastomer, too, was systematically modified by more and more cross-linking. 
The data could then be used to examine the adequacy of the zone theory of 
diffusion in media in which the mesh of the network is continually decreased. 
In this connection it is already known that ebonite—nonelastic and represent- 
ing the limit of the cross-linking process—shows a far greater molecular sieve 
activity in permeation and diffusion than does rubber‘. 


EXPERIMENTAL 


The apparatus employed for the determination of permeability and diffu- 
sion constants is illustrated diagrammatically in Figure 1. Two diffusion cells 
were used, one of a type already described’, the other (Figure 2) built in two 
main sections. The membrane is placed in the lower half, supported from be- 
low by a fine copper gauze. The upper half is carefully placed on top of this 
system and screwed down by six screws. To complete the seal, mercury is 
poured into the annular space between the upper and lower sections. The 
copper leads from the cell are connected to the glass apparatus by means of 
vacuum wax, and to prevent any softening of the wax at higher temperatures, 
water is circulated through metal coils surrounding the junction of the copper 
and glass. Both diffusion cells are placed in copper vessels just large enough 
to contain them, packed with cotton wool to reduce convection, and im- 

* Reprinted from the Journal of Polymer Science, Vol. 3, No. 4, pages 549-574, August 1948. The 


ae soos of G. Skirrow is the Chemistry Department, Technical College, Bradford, Yorkshire, 
ingland. 
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Fie. 1.—Layout of apparatus for determination of , lia. 2.—Permeability cell 
permeability and diffusion constants. (second type). 














mersed in a thermostat controlled to +0.1° C. The low pressure side of each 
diffusion system is connected to a McLeod gage (M) capable of reading to 
1.5 mm. with an accuracy of 0.005‘mm. Hg. 

Natural-rubber membranes" of known degree of vulcanization and approxi- 
mately 1 mm. thick were provided by the British Rubber Producers’ Research 
Association. A sample of Butyl rubber was provided by the Research Associa- 
tion of British Rubber Manufacturers, who supplied the foregoing information 
concerning its composition. 


Constituents Parts by weight 
G.R.I. (Butyl rubber) 100 
Sulfur 2 
Zinc oxide 5 
Stearic acid 3 
Tetramethylthiuram disulfide 1.0 
Zine diethyldithiocarbonate 1.5 


« The stock was cured at 153° C for 30 minutes. 


The following gases were employed. 


Nitrogen.—Cylinder nitrogen was passed over a mixture of copper and 
copper oxide at 300-350° C (to remove hydrogen and oxygen), then through a 
tube of phosphoric oxide, and finally through a trap cooled in solid carbon 
dioxide. The gas was collected under vacuum conditions. 

Methane.—Methane was prepared via the Grignard reagent of the type 
CH;MgI made by the action of dry distilled methyl iodide and amyl ether on 
clean magnesium ribbon. Excess methyl iodide was distilled off and the 
magnesium methyl iodide decomposed in an evacuated system by the slow 
addition of water. The evolved methane was passed through a tube of phos- 
phoric oxide and through a trap cooled in solid carbon dioxide, and collected 
in an evacuated reservoir. 

Ethane and ethylene-—These gases were passed from cylinders over phos- 
phoric oxide and a trap cooled at —78° C, and collected in vacuo. Analysis 
of the ethylene showed less than 2 per cent impurities. 

Propane.—Propane, also taken from a cylinder, was passed over phosphoric 
oxide, collected in a trap at —78° C, and redistilled—the middle fraction being 
collected in a previously degassed reservoir. 
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n-Butane.—n-Butane was prepared in a manner similar to methane (via 
n-butyl magnesium iodide). After passing through a tube of phosphoric 
oxide it was condensed at —78° C and redistilled. 


METHOD OF OPERATION 


The whole diffusion cell is first thoroughly degassed at a fairly high tempera- 
ture and the thermostat adjusted to the required temperature. By means of 
the Toepler pump (7’'), gas is introduced to the unsupported side of the mem- 
brane, the pressure being indicated by barometer (B). Throughout the experi- 
ment the pressure is kept constant by manipulation of the Toepler pump. 
The gas permeates through the membrane into a vacuum chamber of known 
volume, and the increase in pressure with time is followed by a McLeod gage, 
and @ pressure vs. time plot is made (Figure 3). The experiment is continued 
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TIME, min 


Fic. 3.—Rates of growth of pressure on the vacuum side of the membrane showing asymtotic 
approach to a steady state. Propane-natural rubber, 1.7 per cent combined S. 


until the slope becomes constant when the steady state of flow has been es- 
tablished. From the steady state the permeability constant P may be cal- 
lated : 


e" F pa | 1 (1) 


V = volume of the vacuum chamber; / = thickness of the membrane of area a; 
Ap = increase in pressure in time ¢; 7 = temperature of the vacuum chamber 
at room temperature, in degrees Kelvin; and p, is the pressure on the high- 
pressure side of the membrane. 

If the intercept of the steady state of flow on the time axis is L, the diffusion 
constant? is given by: 


D = 2:/6L (2) 


It may be shown! that it is safe to assume that the steady state has been reached 
after a time interval of approximately 2} to 3 times the time lag L. 

The inverse proportionality between the time lag and the diffusion constant 
make it difficult to measure certain diffusion constants when the time lag, if 
measured, would have been in the order of days. ) 
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RESULTS 


Permeability and diffusion constants were measured at a number of different 
temperatures, and plots of logio P and logio D against 1/7 (7 in degrees 
Kelvin) made for each system (e.g., Figures 4 and 5). From the smoothed 
curves the values in Table I were taken. 
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Fie. 4.—Curves of log Pio vs. 1/7 showing gradual curvature in natural rubber and the absence of 
curvature in Butyl rubber: A, natural rubber with 1.7 per cent combined sulfur; B, natural rubber with 
2.9 per cent combined sulfur; C, natural rubber with 7.15 per cent combined sulfur; D, natural rubber with 
11.3 per cent combined sulfur; Z, Butyl rubber. 
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Fria. 5.—Plot of log D vs. 1/7 showing gradual curvature in natural rubber with 1.7 per cent combined sulfur 
(A), and absence of curvature in Butyl rubber (B) 


It is evident that as the percentage of the sulfur increases, the permeability 
and the diffusion constants decrease. This decrease is proportionately greater 
for the larger sized molecules and the tendency to molecular-sieve behavior is 
pronounced (Figures 6 and 7). In no case is the relationship between perme- 
ability or diffusion constants and the sulfur content a linear one. Although 
this is contrary to the findings of Carpenter and Twiss‘, and van Amerongen’, 
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_ Fic. 6.—Permeability constants as a func- Fie. 7.—Diffusion coefficients as a func- 
tion of the percentage of combined sulfur in tion of the percentage of combined sulfur in 
natural vulcanizates. natural vulcanizates. 


these authors covered only the range of sulfur contents <5 per cent S for the 
diffusion of nitrogen, and any departure from linearity could then easily have 
been missed. 

The effect of molecular dimensions upon permeability and diffusion con- 
stants is shown in Figures 8 and 9 in which P and D are plotted against the 
number of carbon atoms in the hydrocarbon molecule. It is seen that, whereas 
in any one membrane the diffusion constant increases in the expected manner 
from butane to methane, the permeability constant decreases. This is due to 
the composite nature of P“. A decrease in D in passing from methane to 
butane is more than offset by an increase in the solubility constant (see Part II). 
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Fria. 8.—Dependence of permeability Fic. 9.—Dependence of diffusion co- 
constant on the number of carbon’ efficient on the number of carbon 
atoms in simple n-paraffins. atoms in simple n-paraffins. 


TEMPERATURE COEFFICENTS OF PERMEATION AND DIFFUSION 


Hitherto the relationship between logio P and 1/7’ has been found to be 
linear!’, t.e., the equation: 
P= Poe EP/RT (3) 


has been found to hold where P» is a constant and Fp is the apparent energy of 
activation for permeation—also constant. Over an extended temperature 
range, however, we have consistently observed curvature in graphs of logio P 
vs. 1/T for all the natural rubber vulcanizates (Figures 4and 5). In interesting 
contrast to this, no departure from linearity was observed in the case of Butyl 
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rubber (Figure 4). Recalling the composite nature of P, curvature of plots of 
log P vs. 1/T is to be traced back to curvature in the plots of logio D vs. 1/T 
(Figure 5) as AH (the heat of solution) remained constant over a range of 
temperatures (see Part II). 


TaBLe II 
APPARENT ENERGIES OF ACTIVATION FOR PERMEATION AND DIFFUSION AT 60° C 


Membrane Gas Ep (cal./mole) Ep (cal./mole) 


Natural rubber (1.7% S) Nitrogen 7,900 
Methane 7,250 
Ethane 6,500 
Ethylene 6,500 
Propane 5,750 
Butane 
Natural rubber (2.9% 8S) Nitrogen 
Methane 
Ethane 
Ethylene 
Propane 
Butane 
Natural rubber (7.15% 8S) Nitrogen 
Methane 
Ethane 
Ethylene 
Propane 
Butane 
Natural rubber (11.3% S) Nitrogen 
Methane 
Ethane 
Ethylene 
Propane 
Butane 
Natural rubber (15.15% 8) Methane 
Butyl rubber Nitrogen 
Ethylene 
Propane 
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Values of Ep, the apparent energy of activation for diffusion, and of Ep, the 
apparent energy of activation for permeation, calculated for 60° C, are given in 
Table II. From this table one sees to what extent molecular size or mass 
modifies the magnitude of Hp for degrees of vulcanization up to 11.3 per cent 
sulfur. In this range the order: 


Ep butane > Ep propane > Ep ethane > Ep methane > Ep nitrogen 
ethylene 


tends to be preserved. As the degree of vulcanization increases, some increase 
in Ep is evident, this increase being greatest for the largest molecules. The 
explanation of the above behavior again lies in the composite nature of 
Ep(Ep = Ep + AH). The last column of Table II shows that Ep increases 
as the molecular size increases, but on the other hand this is offset by a corre- 
sponding increasingly negative heat of solution, AH. As the degree of cross- 
linking becomes high, however, Ep increases more rapidly for large than for 
small molecules than does the negative value of AH (see Part II). It is also 
seen that the sequence of values of Ep is: 


Ep butane > Ep propane > Epethane > Ep methane > Ep nitrogen 
ethylene 
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Fia. 10.—Dependence of energy of activation for diffusion in natural rubber 
vulcanizates on the number of carbon atoms in simple n-paraffins. 


The increase of Ep with chain length in various vulcanizates is shown in Fig- 
ure 10. 

The extent to which Zp depends on temperature is shown in Table III, 
which also contains values of Ep for the systems, CH, and N,-21.9 per cent 
sulfur vulcanizate, and CH,-15.15 per cent sulfur vulcanizate, at 80° C, which 
could not be measured accurately below 60° C. 


TABLE III 
VARIATION OF Ep WITH TEMPERATURE 


Membrane Gas 80° C 50° C 
Butane 3,800 5,000 
Ethylene 9,400 12,300 
Methane 11,500 — 
Nitrogen 15,000 
Methane 20,000 


Van Amerongen® has recently suggested that there may be a relationship 
between the cohesive energy of an elastomer and the energy of activation for 
diffusion of a gas in the elastomer. This suggestion is supported by data for 
diffusion through butadiene polymer, and methyl and natural rubbers. While 
there may be some relationship between cohesive density and Ep, this alone 
cannot fully explain our results. There is evidence that the cohesive energy 
density of natural rubber is not appreciably altered as the degree of vulcaniza- 
tion is increased", and if this were the only factor controlling Ep, the energy of 
activation would be constant for various sulfur contents. The increase in 
Ep with increasing sulfur content is evident from Table II. 


ORIGIN OF Ep 


Ep is the energy required for completion of 1 Avogadro number of unit 
diffusion processes. Presumably it involves the work of separation of chains, 
and, in the absence of specific interactions between the groups of the elastomer 
and the diffusing particle, some increase in Ep with molecular size might be 
expected. According to the zone theory’, transport takes place when local 
conditions are favorable, 7.e., when the concentration of thermal energy is 
sufficient to enable an adequate localized chain separation and loosening to 
take place. An increase in Ep means either an increase in the energy required 
per unit chain separation or else an increase in the zone size if the energy re- 
quired per unit chain separation is constant. Now the heat of solution in the 
elastomer and consequently its cohesive energy density does not alter over a 
range in the degree of vulcanization (see Part II). Thus the energy required 
for loosening a chain segment is probably constant, and, therefore, the zone 
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size must increase as the degree of vulcanization and the molecular size of the 
diffusing particle increase. The number of chain segments to be loosened for a 
successful unit diffusion process for a nitrogen molecule is smaller and should 
involve fewer of the permanent cross-linkages than would the transport of a 
large molecule such as butane. For butane, not only should the zone of activa- 
tion be larger in the absence of cross-linking, but in a vulcanizate, further seg- 
ments, unaffected in the absence of the cross-links, should become displaced. 
Thus a small molecule may require for transport the loosening of not many 
more chain segments in a moderately vulcanized elastomer than in a lightly 
vulcanized stock, whereas, for the larger molecules, the number of segments to 
be loosened may be proportionately greater in the moderately vulcanized stock. 
The larger zone size is manifest in a larger Do value, where Do occurs in the 
expression : 

D = De-olRT (3a) 


Table IV lists values of Dy calculated from the slopes of logio D vs. 1/T° K plots 
at 60° C. The expected increase in Do with increasing degree of vulcanization 
particularly with larger sized molecules is quite clear. 


TaBLe IV 
Do Vatues at 60°C ror DIFFUSION THROUGH NATURAL RUBBER 


Do Nitrogen Methane Ethane Ethylene Propane Butane 


1.7 0.74 0.83 0.86 1.23 2.1 0.53 
2.9 1.26 0.925 0.91 1.9 1.8 7.43 
7.1 
1.3 


15 3.24 8.3 3.84 4.5 6.2 120.0 
12.0 57.0 58.0 39 680 1175.0 


INTERPRETATION OF Dp 


According to the transition state theory'*—The expression for Do given by 
the transition state theory is: 


kT oy 1 
O97 


: kT @ 
ASt R | in Dy - nS | 
ASt is the entropy of activation; k and h/ are, respectively, the Boltzmann and 
Planck constants; and d is the mean distance moved by the solute in a unit 
diffusion process. 

Values of ASt and the corresponding AG{f values are tabulated in Table V 
assuming a value for d? of 10" cm.?. 
According to the zone theory? —The complete expression for D is: 


E, 1 
_ —E/RT, 
shies = (ar) f—-mi” 


where f is the number of degrees of freedom among which the total activation 
energy £, is shared in any zone, the summation being taken up to ; n is the 
number of degrees of freedom in the largest, 7.e., most diffuse, zone of activation 
contributing appreciably to D; v is the mean vibration frequency of the diffusing 
molecule relative to its environment; and d the mean distance moved in a unit 


(4) 


Do = eASTIR 2 


(5) 


(6) 
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diffusion process. The factor p; is introduced to allow for the possible need 
for synchronized movements of the diffusing molecule and of neighboring poly- 
mer segments to consummate a unit diffusion process. When Schottky defects 
or holes move in a cubic lattice, for instance, p,; is 1/6. For place exchange 
diffusions, however, pz has the form >> (1/m)? if one out of m preferred direc- 
tions must be taken by each of p particles. The summation is required because 
for any one zone of activation a number of such sets of synchronized motions 
may bring about a unit diffusion process®. 


TABLE V 
ASt anp AGt Vatugs at 60°C 


Nitrogen Methane Ethane Ethylene Propane Butane 
ASt in e.u. (entropy units) 


11.6 11.6 12.4 . 10.5 
11.8 11.7 13.2 ‘ 15.9 
16.2 14.7 14.9 , 21.5 
20.0 20.0 19.3 5. 26.0 


AGt in cal./mole 


a? 3500 3700 4400 4150 

2. 3750 4000 4450 4200 4700 
7.15 4300 4000 5200 4950 5600 
1, 


1 4750 5050 5850 5500 6400 


To determine f, Equation (6) must be simplified. One term is assumed to 
be dominant and is used alone to give D. If, in addition, f for the dominant 
term is independent of temperature, one finds on equating the simplified version 
of equation (6) to the Arrhenius equation, D = Doe~¥?/*7, and using Stirling’s 
approximation for the factorial, that: 


E, = Ep + (f — )RT (7) 
and: 





logio Do = logio (ps- vd?) + (f — 1) logio ( 


Ep + (f — pet 
RT 


— (f — 1) logio (f — 1) — 4 login 2e(f — 1) (8) 


By first plotting the right hand side of Equation (8) against f for different 
values of f, one may then read off from the curve the value of f required to give 
any experimental value of log Do (Figure 11). Values of f thus obtained taking 
the value of py = 1/6, v = 2.5 X 10” sec.—!, and d? = 10-"* em.?, are given in 
Table VI. 

f so calculated is sensitive to the value of the product p,;vd?, as is stressed by 
Table VII and Figure 11, which indicate the results of taking py = 1/6, coupled 
with: 

d? = 10-" cm.? 2.5 X 10! sec.~! (curve a) 
2.5 X 10-* cm.? 2.5 X 10" sec.- (curve 6)? 
6 5 X 


d? 
a 4 X 107" cm.? 10” sec.— (curve c)! 
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Tasie VI 
NuMBER OF DeGREES OF FREEDOM (f) SHARING IN THE DIFFUSION PROCESS 
Sulfur (%) Gas 80° C 60° C 50° C 


Methane 16 26 
Ethylene 15 22 
Propane 17 21 
Butane 14 17 
Methane 19 24 
Ethane 
Butane 26 
Nitrogen 
Nitrogen 
Nitrogen 

11. Nitrogen 
Butyl rubber Nitrogen 
Ethylene 
Propane 


NNR SNe eee 
wWhOoNtdhouNNN 


on 


PlTITIIII8 


TaBLe VII 
fat 60° C 


ia ~ 
Combined From From From 
sulfur in curve (a) curve (b) curve (c) 
Gas rubber (%) Do, cm.? sec. 7 Fig. 11 Fig. 11 Fig. 11 





Methane 9 0.925 24 15 Z 
Ethylene ; 1.23 21 14 7 
Porpane , 6.2 19 14 9 
Butane ‘ 1175 28 19 11 
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Fig. 11.—Logio Do plotted against f, used to determine possible values of f for propane diffusing in 
rubber with 7.15 per cent sulfur 8S. Py for curves a, b, c is taken to be 1/6. Curve a: vy = 2.5 X 10" 
sec.~!, d? = 10718 cm.*. Curve b: » = 2.5 XK 10! sec.7!, d? = 2.5 X 10715 cm.2. Curve c: » = 5 X 108 
sec.~!, d? = 6.4 X 10715 em.?, 


An interpretation of the analogous problem of viscous flow ' suggested values of 
p; of 1/6 to about 107%, so the range in p;vd? may be appreciable. 

A second approach to the value of f follows from Equation 7, which shows 
that dEp/dT = — (f — 1)R, provided that f is independent of T. Typical 
a of f thus calculated for a membrane containing 1.7 per cent combined 
sulfur are: 


Temperature 
range (° C) 
30-50 
50-80 
30-90 
50-80 
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Thus, while there is uncertainty as to the precise value of f there seems no 
doubt that an appreciable zone of activation is necessary for a unit diffusion 
process to take place. This view is further supported by the magnitude of the 
energies and entropies of activation for diffusion and flow in elastomers, com- 
pared with monomeric liquids, even where cohesive energy densities of polymer 
and liquid are similar. 


FUNCTIONAL RELATIONSHIPS 


Linear relationships have been observed when ASt or logio Do is plotted 
against Ep for a number of diffusion systems'®. Barrer!® has shown, however, 
that the most general relationship is between logio Do and Ep/T. Accordingly 
earlier data’® are combined in Figure 12 with those obtained in the present 
work, The corresponding relation between ASt and Ep/T becomes: 


ASt = — 4.6 + 0.65(Ep/T) (9) 














sd 



































30 40 50 
Ep/T 


Fic. 12.—Functional relation between logio Do and Ep/T for diffusion in numerous elastomers: 
( @) authors; (O) footnote 4; ( X) footnote 1. 


One may consider and seek to differentiate between two alternative inter- 
pretations of such relationships. For a given type of medium (e.g., molecular 
liquids) the larger Ep/T,, the larger is the zone of activation. If the zone size 
is further assumed to be directly proportional to Ep/T, it has already been 
shown that the functional relationship between logio Do and Ep/T results". 

However, a second possibility arises. In the Arrhenius equation 
D = Doe-®»!/®T (and similarly for any other activated rate process) the range 
in logio D is considerably smaller than that in Ep/4.607T. Toa first approxima- 
tion, then, take logio D to be constant. One now has: 


logio Do = logis D + Ep/4.60T ~ constant + 0.217 Ep/T (10) 


The slope 0.217 of the curve of logio Do vs. Ep/T should be a universal one 
for this and all rate processes. For systems examined, one finds: 


(i) logieDo = — 3.6 + 0.14 Ep/T (this paper) 

(ii) logio do 2.43 + 0.16; Ey/T (for fluidity, @)' 

(iii) logio do 0 + 0.11; E,/T (for fluidity, o) 

(iv) logio ko — 4.6, + 0,23, E,/T (for reactions of first order) 
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where (ii) and (iii) refer to viscous flow of molecular liquids and of polymerized 
ionic melts, respectively ; and (iv) refers to a group of 42 first-order homogeneous 
gasreactions. The slopes for the physical rate processes are all very similar and 
less than 0.217, as required by Equation (10). However, it is not correct to 
take logio D or logio@ as strictly constant—the variation in logio@, for ex- 
ample, is up to 25 per cent of the variation in £,/4.607, large values of @ being 
associated with small values of #4/4.607; and this will tend to make the ap- 
parent slopes of the mean straight lines (i) to (iii) rather less than 0.217. 

Thus the evidence, although not wholly conclusive, seems to make the 
interpretation of the observed functional relationships given in the preceding 
paragraph a very natural one. 


SUMMARY 


The influence has been studied of systematic alterations in the extent of 
cross-linking in elastomers on diffusion coefficients and permeability constants 
in elastomers of homologous paraffin hydrocarbons. In a number of such 
media the influence of chain length of the paraffins on the transport phenomena 
has also been investigated, using CHy, CoHs, CoH, C3Hs, and n-CyHio. 

Apparent activation energies for permeation (Zp) and for diffusion (Zp) for 
degrees of vulcanization up to 11.3 per cent combined sulfur are in the decreas- 
ing order: 

butane > propane > ethane > methane > nitrogen 
ethylene 


For low vuleanizates, Ep is not very sensitive to the percentage of sulfur. 
However for higher percentages of sulfur, Zp tends to rise, especially when the 


migrating molecule is a large one. Fp is rather more sensitive both to molecu- 
lar size and to percentage of combined sulfur. 

Both Ep and Ep for natural rubber vulcanizates show definite temperature 
coefficients, manifested as curvature when logio D or logio P is plotted against 
1/T. Such curvature was absent, however, in Butyl rubber. 

The results have been interpreted in terms of the molecular nature of elastic 
networks and in terms of the kinetic-statistical (zone) theory and the transition- 
state theory. All treatments indicate the need for a considerable zone of 
activation for each unit diffusion process, confirming an earlier investigation. 
When, in the Arrhenius equation, D = Dye~*/®7, one plots logio Do against 
Ep/T, the clear functional relationship: 


logio Do = — 3.6 + 0.14 Ep/T 


emerges. A simple interpretation of this and of similar functional relationships 
for other activated physical and chemical rate processes has been given. 


ACKNOWLEDGMENT 


One of us (G. Skirrow) is glad to acknowledge the award of a Junior Harlow 
Fellowship, which made his participation in the work possible. 


REFERENCES 


' Van Amerongen, Rev. gén. caoutchouc 12, 99 (1940); J. Applied Physics 17, 972 (1946); Doty, Aikens, and 
Mark, Ind. Eng. Chem. 36, 686 ( (1944) ; Doty, J. Chem. Physics 14, 244 (1945). 
? Barrer, Trans. Faraday Soc. 35, 628, 644, ber? (1939) ; 36, 344 (1940). 
3 Daynes, Proc. Roy. Soe. London A97, 286 (1920). 
‘ Carpenter and Twiss, Ind. Eng. Chem. Anal. Ed. 12, 99 (1940). 
5 Eyring, J. Chem. Physics 4, 283 (1936). 





440 RUBBER CHEMISTRY AND TECHNOLOGY 


6 Cospenter and Twiss, Ind. Eng. Chem. Anal. Ed. 12, 99 (1940); Glasstone, Laidler and Eyring, ‘‘Theory 
of Rate Processes’, New York, 1941; Barrer, Trans. Faraday Soc. 38, 322 (1942). 

7 Besson, Trans. Faraday ‘Soc. 38, 322 (1942). 

8 Barrer, Trans. Faraday Soc. 36, 1940). 

® Van Amerongen, J. Applied Physics ay, 972 (1946). 

10 The membranes were prepared from smoked sheet rubber and milled to a molecular weight of about 
100, . Curing was carried out under steam pressure, and the membranes were extracted with 
— The ash was of the order of 1-2 per cent, after the previous analysis. No fillers were 
presen 

11 P is proportional to both diffusion and solubility constants. 

12 Barrer, Trans. Faraday Soc. 35, 628, 644, 645 (1939) ; ‘ie 644 (1940); Van Amerongen, Rev. gén. caoutchouc 
12, 99 (1940); J. Applied ’Physice 17, 972 (194 

18 This seems a reasonable assumption in view of the” Sinaia of the heat of solution, given in Part II, 
thro the range of sulfur contents studied, and of the relationship between heat of solution and 
C.E.D. (cf. Hildebrand, ‘ “Solubility”, New York, 1936 ) 

14 Glasstone, Laidler and Eyring, ‘Theory of Rate Processes”’, New York, 1941. 

15 Barrer, Trans. Faraday Soc. 39, 48, 59 (1943). 

16 Barrer, Trans. Faraday Soc. 38, 322 0943); Doty, J. Chem. Physics 14, 244 (1945) ; Van Amerongen, 
Reo. gén. caoutchouc 12, 99 (1940); J. Applied Physics 17, 972 (1946). P is proportional to both 
diffusion and solubility constants. 


Il. EQUILIBRIUM PHENOMENA 
INTRODUCTION 


The solubility of gases in liquids and elastomers is attracting increasing 
attention. Some aspects of this problem for monomeric solvents have been 
considered by Horiuti' and others*, and theoretical treatments of particular 
solvents such as water have been given by Eley*. A special topic is the be- 
havior of polymer-monomer mixtures, where the large entropy of mixing has 
been explained on a statistical mechanical basis‘. Included in such systems 
are gas—elastomer mixtures, which have been the subject of several investiga- 
tions. The solubility constant of a gas above its critical temperature in an 
elastomer can be calculated with some accuracy by equating the partition 
function for the gas in the gas phase to the partition function for the dissolved 
gas with which it is in equilibrium®. A configurational term arises in the par- 
tition function of the dissolved gas just as it arises for monomeric liquids in 
elastomers‘, while the dissolved gas molecule otherwise behaves as a three- 
dimensional oscillator. A further semiempirical treatment of gas—elastomer 
equilibria is given by Gee*®. 

Many solubility data in polymers suffer from the point of view of quantita- 
tive treatment because they refer to systems of industrial importance, such as 
filled, reinforced, plasticized stocks of unknown degree of vulcanization. Meas- 
urements more suitable for interpretation have been made by Barrer’ and van 
Amerongen®, using a dynamic method, and by Carpenter and Twiss®, using a 
static method. Following these investigations we shall, in the present paper, 
investigate and attempt to interpret the effects of the degree of vulcanization 
of natural rubber on the solubility constants and related quantities for a series 
of simple homologous n-paraffins (methane to n-pentane). 


EXPERIMENTAL 


The materials employed were those of Part I of this paper!®. Solubility 
constants were measured by two methods. 

Dynamic method.—Having determined the permeability and diffusion 
constants'®, the solubility constant!' « may be calculated from the relation- 
ship: P = De. 

Static method——The apparatus illustrated diagrammatically in Figure 1 
consists of a bulb B (in which is placed the elastomer—(0.5 gram) connected to 
a calibrated gas pipet P by a constriction C anda tap 7:. Tap 7: of the gas 
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Fic. 1.—Apparatus for static method of determining solubilities. 


pipet is connected to barometer D, a source of gas supply through 73, and a 
vacuum pump system through 7,. The whole apparatus is first degassed, 
and the manometer M attached to D reads zero pressure. (7'; and 7’; are 
closed.) 7, and 7, are then closed, and air is admitted to the pipet through 
tap and jet 7’; until a suitable pressure reading is obtained on D when 7’; and 
T, are closed. The calibrated pipet now contains air at a known pressure, and 
on opening 7’, the air expands into B and a pressure reading is obtained on M. 
This is repeated several times so that the volume (V;) of B may be calculated. 
The whole apparatus is once more thoroughly degassed until the last traces of 
air are removed from the rubber, and butane is admitted to P through 7’; 
until a suitable reading is obtained on D when T2 is closed. 7, is opened and, 
as soon as the butane expands into B, the pressure on M is noted, and the con- 
striction C is sealed with the tip of a blowpipe flame. The volume (z) of the 
end section between D and T’; is determined by filling with mercury and weigh- 
ing the mercury. The new volume (V2) of the bulb is thus V; — z. As gas 
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Fie. 2.—Solubility of ethane in Fria. 3.—Influence of chain length 
natural rubber (7.15 per cent on solubility of normal paraffins in 
sulfur). a Fn vulcanizate (1.7 per cent 

sulfur). 
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dissolves in the rubber, the pressure indicated by M decreases and, from the 
equilibrium pressure, the initial pressure, the volume of the bulb, and the 
volume of the rubber, the solubility of the gas may be calculated. The bulb 
is immersed in a thermostat regulated to 0.1° C. The method was employed 
only for the solubility of butane and pentane. 


RESULTS 


Solubility constants for each system were calculated at a number of differ- 
ent temperatures, and plots of logio o against 1/7’ were made (Figure 2). 
From these plots the smooth values indicated in Table I were read off. The 
results for specimens containing 1.7 to 11.3 per cent sulfur are accurate to 
about 4 per cent; the results for higher degrees of vulcanization are less ac- 
curate, owing to the increased difficulty of measuring permeability and diffu- 
sion constants. 

Variations and irregularities from sample to sample and deviations in 
results obtained with the dynamic and static methods are considered to be due 
primarily to irregularities in the structure of the rubber (e.g., flaws). 


TABLE I[ 
SOLUBILITY OF GASES IN NATURAL AND Butyt. RUBBER 


Solubility 
Sulfur (%) Gas At 40° C At 60° C At 80°C 
NATURAL RUBBER 
Ly Nitrogen 0.066 0.066 0.066 
Methane 0.262 0.238 0.22 
Ethane 1.6 1.23 0.98 
Ethylene 1.26 0.96 0.76 
Propane 5.01 3.38 2.4 
Butane 12.3 7.76 5.25 
2.9 Nitrogen 0.061 0.061 0.061 
Methane 0.305 0.28 0.26 
Ethane yf 1.4 1.16 
Ethylene 1.05 0.9 0.785 
Propane 3.88 2.63 1.9 
Butane 13.3 8.2 5.25 
7.15 Nitrogen 0.059 0.059 0.059 
Methane 0.294 0.255 0.226 
Ethane 1.51 1.2 0.975 
Ethylene 1.08 0.895 0.758 
Propane 4.36 3.16 2.34 
Butane 17.0 9.55 5.89 
11.3 Nitrogen 0.054 0.054 0.054 
Methane ~- 0.23 0.203 
Ethane 1.35 1.07 0.878 
Ethylene 1.16 0.953 0.804 
Propane 3.80 2.88 2.10 
Butane 12.6 7.59 4.78 
15.5 Methane — 0.204 0.178 
21.9 Nitrogen — 0.028 0.028 
Methane —: 0.10 0.10 
BUTYL RUBBER 
Nitrogen 0.052 0.052 0.052 
Ethylene .— 0.484 0.42 
Propane — 2.07 1.8 
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It is evident that up to 11.3 per cent sulfur the effect of vulcanization on 
solubility is much less than upon the diffusion constant!®. This can arise be- 
cause the volume-fraction of dissolved gas is too small to cause any appreciable 
extension of the rubber network and hence no effect of increased cross-linking 
is felt. Table II, which lists values of the solubility of butane and pentane 


TABLE II 


SOLUBILITY OF n-BUTANE AND 2-PENTANE IN VULCANIZED NATURAL RUBBER 
(Static method) 








Solubility 
- sama i n-Butane n-Pentane 
(%). “soc 60°C 50°C 40°C soc 86 60°C.OCOPCCtC«COPNS 
1. 5.6 8.3 10.5 13.2 1 20.4 28.1 38.0 
2.9 5.7 9.1 12.2 15.05 8.7 15.5 21.0 30.2 
7.15 3.6 6.75 7.6 10.23 7.4 IZ:3 16.5 22.5 
11.3 3.89 6.09 7.94 10.47 — — a ~- 
15.5 — — — — 6.4 11.0 14.5 20.0 


in rubber obtained by the static method, indicates that there is a definite 
decrease in the solubility of pentane as the degree of cross-linking increases. 
This may be due to the larger volume fraction of the pentane, which has 
brought distension of the rubber networks to a point where cross-linking has 
started to impose restraints on swelling in the case of the more highly cross- 
linked vulcanizates. The effect on o of increasing the number of carbon atoms 
in the hydrocarbon molecule is indicated in Figure 3. 

Van Amerongen® has recently suggested that there is a linear relationship 
between logio o (at constant temperature for a given membrane) and the 
critical temperature of the gas. The suggestion is supported by Figure 4. 
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Fie. 4.—Solubility as a function Fic. 5.—Relation between AH 
of critical temperature (natural and chain length for normal par- 
rubber 1.7 per cent sulfur). affins. 


The values of logiog are for the gases—nitrogen, methane, ethane, ethylene, 
propane, n-butane, and n-pentane, in a sample of natural rubber at 50° C. 
If there is a linear relationship of the type: 


logiog = a+ bT, (1) 
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then, once the constants a and 6 are determined for a given elastomer, it should 
be possible to predict the solubility of a gas merely from a knowledge of its 
critical temperature. It follows that the heat of solution should also be 
predictable. 

From Figure 5, logisa = — 2.0 + 0.0077.. Gee® has suggested the rela- 
tionship: 

— 2.303 logiog = 4.5 + u — 10(T./T) 

where yu is a constant and 7’, is the boiling temperature. This may be adjusted 


by setting 7 = 50° C, T, = T. X 0.6 (Guldberg-Guye rule), and taking» = 1.5 
(footnote 12). This gives: 


logio = — 2.6 + 0.0087’. 


so that the two relationships are substantially equilvalent. Since Gee’se 
relation has some theoretical significance, the equivalence may be offered as a 
partial explanation of the relation between o and T7,. 


HEAT OF SOLUTION 


The solubility constant o thus far employed is identical with the Bunsen 
solubility coefficient, but an alternative solubility constant p may be identified 
with the Ostwald solubility coefficient : 


p = o(T/2738) 
For the Bunsen coefficient, ¢ = ooe~4”/*7, and for the Ostwald coefficient, 
p = poe 4¥/2T, where AU = AH + RT. 


Heats of solution calculated previously by Barrer’ are AH values, while the 
values given by van Amerongen® are AU values'*. Values of AH in Table III 


TaBLeE III 


HEATS OF SOLUTION OF GASES IN ELASTOMERS 
(Dynamic method) 


AH, cal./mole 


————— _ on 


A 


Sulfur Nitro- 
(%) gen Methane Ethane Ethylene Propane Butane 
1.7 0 — 1000 — 2650 — 2700 — 4000 —4700 
2.9 0 —800 —2100 — 2500 — 4000 — 5400 
7.15 0 — 1400 — 2450 — 2000 — 3400 —5700 
11.3 0 — 1300 — 2350 — 2000 — 3550 — 5200 
Butyl rubber 0 — — 900 — 1900 -— 


are accurate to +400 calories per mole due to the error of 200 calories per mole 
in the determination of Ep and Ep (see Part I). Values of AH for butane ob- 
tained by the dynamic method are in good agreement with those obtained by the 
static method, as is shown by Table IV, which lists values of AH for n-butane 
and for n-pentane according to the static method. 

The effect of increasing the number of carbon atoms on AH is indicated by 
Figure 5, in which an apparent linear relationship is obtained. The higher 
numerical value of AH for butane, compared with the other gases, does not 
necessarily imply that liquid butane exhibits a greater affinity for rubber. 
AH may be divided into two quantities: 


AH = —-I.+4q (2) 
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TaBLe IV 


Heats or SoLuTIon or GASES IN ELASTOMERS 
(Static method) 


AH, cal./mole 





Sulfur (%) J n-Butane n-Pentane 
By —4750 — 6600 
2.9 — 5400 — 6400 
7.15 —5750 —6200 

11.3 —5200 — 
15.15 -— — 6400 


L, is the total latent heat of vaporization and q is the heat of mixing of the 
liquefied gas with the elastomer. Now q is given by 3°: 


q = [(E1/V:)* — (B2/V2)* PV? (3) 


where E, and £; are the cohesive energies of the condensed gas and elastomer, 
respectively; V,; and V>2 are the corresponding molecular volumes; and v, is the 
volume fraction of the rubber. 

From Tables III and IV it is clear that the heat of solution does not vary 
systematically with the degree of vulcanization. This indicates that the 
cohesive energy density of the rubber tends to be constant over the range of 
sulfur contents studied. 


TABLE V 


CALCULATED AND OBSERVED Heats or Mrxina or Liquip Gases 
In NaTuRAL RUBBER 


qa (cal./ mole) 





Gas E, (cal./mole) Vi (E:/V:) ‘Calculated Observed - 
Nitrogen 760 (—195° C) 32.8 4.8 +330 +1360 
Methane 1620 (— 159° C) 39.5 6.4 +95 +1100 
Ethane 1660 (0° C) 54.4 5.53 +330 —200 
Propane 3110 (20° C) 75.5 6.4 +180 —400 
Butane 4500 (20° C) 98.5 6.8 +138 —150 


In Table V experimental values of g (calculated from Equation 2) are com- 
pared with the theoretical values (Equation 3) assuming‘ that (Z2/V:2)* = 7.98. 
Satisfactory agreement is obtained for propane, butane, and ethane, but a 
wide deviation is noted with nitrogen and methane. Nitrogen and methane 
are at the temperature of the experiment which is above their critical tempera- 
tures, making the hypothetical condensation process physically impossible; 
hence, Z; has been obtained for a much lower temperature. £ is usually found 
to decrease with increasing temperature, and a lower value of FE, for nitrogen 
and methane would reduce the difference in the experimental and calculated 
values of g. [See International Critical Tables (I.C.T.) for values of l, = Li: 
X (4.18/mol. wt.).] 


FREE ENERGIES AND ENTROPIES OF SOLUTION 


The solubility constant p may be defined as the ratio of concentration of gas 
in the rubber and gas phase. Accordingly the standard free energy for the 
process—gas dissolving in elastomer—is given by: 


AAy = — RT Inp (4) 








446 RUBBER CHEMISTRY AND TECHNOLOGY 


The standard state for the gas is taken as 76 cm. pressure and for the solution 
as that state in which the concentration of the gas is equal to the concentration 
in the gas phase. 

The heats of solution in Table III have not been corrected for thermal ex- 
pansion of the membrane. We may write!: 





AU nee = MU + RT? (s | 


aT (5) 


where V; is the molecular volume of the rubber", giving the values of AA», 
AU net, and AS for natural rubber and Butyl tabulated in Table VI. These val- 
ues may be compared with those in Table VII for the solution of nitrogen, 
methane, ethane, and ethylene in monomeric solvents (calculated from papers 
by Frank and Evans!® and Horiuti’). 


TaBLeE VI 


FREE ENerGIESs, Net Heats, AND ENTROPIES OF SOLUTION OF GASES 
In ELasToMERS AT 60° C 


Solvent Solute AAo AU net ASo 
Natural rubber Nitrogen +1740.0 +720 — 3.07 
Methane +787.0 — 400 — 3.56 
Ethane — 270.0 — 1680 —4.25 
Ethylene —110.0 — 1580 —4.42 
Propane — 875.0 — 3030 —6.17 
Butane — 1540.0 — 4530 —9.00 
Butyl] rubber Nitrogen + 1840.0 +720 — 3.37 
Ethylene +352 —180 —1.6 
Propane —615 —1180 — 1.68 


TaBLe VII 


FREE Eneraies, Net Heats, AND ENTROPIES OF SOLUTION OF GASES 
in Monomeric Soivents at 40° C 


Solvent Solute AAo AU net ASo 
Benzene Nitrogen +1250 +1070 + RT + 1.428 
Methane +352.0 —270 + RT — 1.00 
Ethane —795.0 — 2220 + RT —2.55 
Ethylene — 675.0 — 2090 + RT — 2.53 
Chlorobenzene Nitrogen +1370 +680 + RT —0.2 
Methane +505.0 —560 + RT —14 
Ethane — 690.0 — 2360 + RT —3.35 
Ethylene — 563.0 —2130 + RT —3.00 
Acetone Nitrogen +1040 +720 + RT +0.98 
Methane +310.0 —270 + RT —0.17 
Ethane — 642.0 —2000 + RT — 2.25 
Ethylene — 680.0 —2090 + RT — 2.50 


One may note that the partial molal entropy of solution in a monomeric 
liquid is given by: 


AS, = AS. + Rin- (6) 


AS. = partial molal entropy of condensation and v, = volume-fraction of the 
solute. The partial molal entropy of solution in a polymer is given by: 


a8, = a8, +8 | n> —» (1-1) (7) 
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when the solution is very dilute v, ~ 1 and if z is large: 


aS» = a8. + R (in*-1) (8) 


V1 





Thus the entropy of dilution of the polymer should always be more negative 
than that of dilution of the monomer by the term R. Tables VI and VII show 
that ASo for natural rubber is in fact almost always more negative than AS, for 
monomeric solvents; but the limit in the accuracy with which AU,.; may be 
determined does not permit an accurate estimate of the difference. 


STATISTICAL TREATMENT OF THE SOLUBILITY OF GASES 


It has been demonstrated® that the isotherm for the solution of vapor in an 
elastomer can be represented by: 


p 9 Z/2 
a Sf pn = 
a B ( z) (9) 
where v; = volume fraction of vapor in the vapor—elastomer mixture; p = pres- 


sure of vapor above elastomer; p, = saturated vapor pressure of the vapor; 
Z = coordination number of the solute in the rubber. Rearranging Equa- 
tion (9), taking logio, and expanding, gives: 


Vips 1 2 
loge = (1+ Z+ sat at) (10) 


Neglecting terms involving powers of Z higher than the square, a quadratic in 
Z is obtained. Values of Z derived from the quadratic for butane in rubber 
(Table VIII) are of the expected order and agree very well with the values of 


TaB_e VIII 


CooRDINATION NUMBER (Z) FOR n-BUTANE IN NATURAL RUBBER 


p (em.) Ps (cm.) 7 CC) S (%) o v1 Z 
76 118 10 17 33.1 0.148 3.12 
2.9 33.9 0.151 3.17 
7.15 41.7 0.186 5.06 
11.3 34.6 0.156 3.28 
76 398.1 50 ihe 10.0 0.045 3.15 
2.0 10.5 0.047 3.4 
7.15 12.6 0.056 5.4 
11.3 10.3 0.046 3.27 


4.0 (at 100° C) and of 3.53 (at 25° C) obtained by Barrer® from data for the 
henzene-rubber system, due to Gee and Treloar'®. 

In the derivation of an expression for the solubility of a gas in an elastomer, 
Barrer has suggested that K in the relation: 


Vv) 


[=0-DEP 


is given by one of the following expressions: 


1 kT 
_ {84 YS —amserrisy rT 
(a) x (gn) 3 yi’ 


K = 








448 RUBBER CHEMISTRY AND TECHNOLOGY 


if no principal rotations of the dissolving molecule are converted to vibrations 
on solution; 


1 kT \$1 kT \3 
Pi tl ek ok ee (—AH+RT)/RT 
(0) . ($5) yi? (7) ‘ 
if one principal rotation is converted to a vibration; 
Lf a ve kT 
P es eet es ot ee ) eeenremr 

(¢) <7 (= ) ys ( arava ) , 
if two principal rotations are converted to vibrations; 

1 / kT \!1 kT )' 

d ae Se gS ee. Se (-AH+2RT)/RT 

( ) x kT ( 2rm ) ys ( 8m?J, 47.4754 F 


if three principal rotations are converted to vibrations. 
Values of v have been calculated in cases (a), (b), (c), and (d) at T = 333° K, 
taking Z = 3.5 and assuming for the moments of inertia: 


(i) Methane J, = J, = J; = 5.35 X 107% 

(ii) Ethane J; = J, = 42.4 X 10-*; Js = 11.03 X 10-4 
(iii) Ethylene J, = J; = 30.0 X 10-*°; J; = 5.7 X 10-*° 
(iv) Propane J; = IJ: = 50.0 X 10~*°; J; = 100 X 10-* 
(v) Butane J; = J, = J; = 100 X 10-* 


The calculated values of vy which give agreement with the observed solubilities 
are shown in Table IX. 

Table IX indicates that there is a general tendency for v to decrease as the 
molecular mass is increased. This has previously been noted by Barrer’, who 
found that v tended to be constant for the same gas in different elastomers. 


TaBLe [X¢ 
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Gas v1 


Butane 46 xX 107 
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Propane i2 x i196 x 104 (a) 
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Ethane 2.27 x 10°73 x 104 (a) 
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Ethylene 3.35 X 107% 


PDD on or on 


WNIMEND rw ww 
ST 
Lf fm 
Roe 
—~". 


Methane 4.6 xX 107 x 10" (a) 
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Nitrogen 8.8 xX 10% 5.4 X 10" (a) 


- « An average value of v1 is chosen for each gas in membranes containing 1.7, 2.9, 7.15, and 11.3 per cent 
sulfur. 
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SUMMARY 


The solubility of nitrogen, ethylene, and the n-paraffins from methane to 
pentane has been measured in a series of natural rubber vulcanizates in relation 
to chain length of paraffin, temperature, and degree of cross-linking of vul- 
canizates which contain between 1.7 to 21.9 per cent combined sulfur. 

For smaller, less soluble paraffins the degree of vulcanization had little 
influence on the solubility, but for higher molecular paraffins such as pentane 
this influence became significant. A qualitative interpretation of the effects 
observed is given. The solubility data are in all cases represented by a sta- 
tistical theory of one of the authors for a mean frequency of vibration of the 
solute in the medium corresponding to the infrared (0.5 to 1.0 X 10" sec.—). 
The solubility constants, ¢, and critical temperature, 7'., are also empirically 
related by the equation: 


logiog = a + OT, (a and b are constants) 


Heats and standard free energies of solution for the earlier homologous 
paraffins show steady trends as the chain length increases. The heats are 
exothermal, and are adequately interpreted as the sum of the heats of lique- 
faction, together with a small heat-of-mixing term for liquid and rubber, 
which was usually close to that given by Hildebrand’s cohesive energy density 


equation: 
_ C(#:/V;)! * (E2/2V2)4}?V iw? 


As anticipated from statistical theory, entropies were usually several entropy 
units more negative than those for solutions of gases in monomeric solvents. 
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THE DYNAMIC CHARACTERISTICS OF 
NEOPRENE VULCANIZATES 


N. L. Carron, E. H. KrisMann, anp W. N. KEEN * 


E. I. pu Pont pe Nemours & Co., W1iLMINGTON, DELAWARE 


The utilization of the elastomeric spring goes back at least to the days of 
solid rubber carriage tires. The use of such materials to dampen vibration or 
absorb shock expanded rapidly despite the lack of engineering data and the 
inadequacy of testing methods for proper evaluation. Within the last twenty 
years these materials have been used in many dynamic applications, even 
though no appropriate means existed for the measurement of dynamic proper- 
ties to determine their suitability for the particular service. Coincident with 
the practical application of rubber parts to vibration problems, engineers de- 
veloped considerable data on the use of natural rubber in springs. 

Marked differences in performance were encountered when engineers were 





Fie, 1. 


obliged to replace natural rubber with synthetic rubber in spring applications. 
Some engineers redesigned the rubber part used and obtained workable, al- 
though not entirely acceptable, performance. Design alone was not a com- 
plete solution to the problem, and it was necessary to call on the rubber tech- 
nologist to produce vulcanizates having properties especially suitable for 
dynamic service. 

In 1940 Yerzley' discussed the advantages of elastomeric springs over steel 
springs and pointed out certain advantages resulting from the use of Neoprene 
compositions in place of natural rubber. He showed that Neoprene vul- 
canizates possess greater damping and higher thermal conductivity than 


* This ~y was co before the Division of Rubber Chemistry at its meeting in Los Angeles, 
California, July 22-23, 19. 
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natural rubber. During the next five years, synthetic rubbers made vast 
gains in commercial importance, and the tempo of investigative development 
increased sharply, resulting in considerable gain in the general knowledge of 
their dynamic properties. 

In 1945 Riesing? presented some general facts regarding both synthetic and 
natural rubber, and showed that tensile strength, elongation at break, and 
hardness were of little value in judging the merits of any elastomeric composi- 


Fig. 2. 


tion with respect to its ability to perform in mechanical parts. He indicated 
the need for improved methods of testing rubber in the low-strain range when 
loaded in compression, shear, or torsion. 

In 1946 Morron* discussed many of the commonly measured properties of 
tubber. He compared the various synthetic rubbers with natural rubber, and 
again called attention to the inadequacy of usual static tests as a means of 
predicting the dynamic behavior of products made from these rubbers. 
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The development of synthetic rubber products and the accumulation of data 
describing their dynamic properties revealed that these vulcanizates were 
different from those made of natural rubber, and thus offered an opportunity to 
widen the field of application of elastic products in engineering. 

The purpose of this paper is to discuss some of the dynamic characteristics 
of Neoprene vulcanizates and to show how they compare with similar stocks 
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made from natural rubber. It is realized that the subject of dynamic charac- 
teristics is very extensive and one that has not yet been thoroughly explored in 
connection with synthetic rubber. Therefore, this paper is limited to a dis- 
cussion of the effect of time and temperature of cure, of acceleration, of the 
temperature of testing, of variations in frequency and load, and of carbon black 
loading on some of the more important dynamic characteristics of Neoprene. 
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The du Pont-Yerzley oscillograph‘ (Figure 1) was used for measuring some 
of the mechanical properties of the compositions studied. It was operated 
in accordance with ASTM D945-48T. Measurements were made under both 
compression and shear loading. 
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The Goodrich flexometer (Figure 2) was used in measuring the heat build-up 
of the compositions studied. The apparatus was operated in accordance with 
ASTM D623-41, using a 37-inch stroke, a load of 150 lbs. per sq. in., and a 
frequency of 1800 cpm., with the following exceptions. 


1. The use of dial gages to eliminate the necessity of reading a micrometer 
and to make leveling of the beam easier to follow. 
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2. The test specimen in the form of a truncated cone having a diameter at 
the top of 0.75 inch, at the bottom of 0.77 inch, and a height of 1 inch. Ex. 
perience has shown that this test-specimen is superior to the one described in 
ASTM, since it is easier to prepare and further gives a simple 1-to-5 relation- 
ship between dead load and stress on the specimen. 
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From the standpoint of the rubber technologist, it is of primary importance 
to know whether the temperature at which vulcanization is carried out has a 
significant effect on any of the dynamic properties of either Neoprene or natural 
rubber compositions. Temperatures ranging from 274° to 338° F at intervals 
equivalent to 10 lbs. per sq. in steam pressure were studied. At each of these 
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temperatures a time of cure was selected which produced equivalent states of 
cure as judged by modulus at 400 per cent and compression stress at 20 per cent 
strain. On the basis of these selections, samples were prepared with which 
compression oscillograms were made and heat build-up values were determined. 
The stocks chosen for this work were a rubber composition accelerated with 
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2-mercaptothiazoline, a Neoprene stock containing normal quantities of mag- 
nesium oxide and zine oxide, and a Neoprene stock similar to the above except 
that it contained one part of antimony trisulfide. Each of these stocks con- 
tained 15 volumes of channel carbon black per 100 volumes of elastomer. 
Antimony trisulfide was selected as the accelerator for the Neoprene GR-M 
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stock on the basis of the work of Torrence, which revealed the advantages of 
this agent as a means of obtaining a high state of cure. 

The results demonstrate that if equivalent states of cure are obtained as 
judged by tension modulus or by compression stress, the dynamic properties 
of the rubber and Neoprene vulcanizates are unaffected by the vulcanization 
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temperature. Figures 3 to 7 present in graphic form the results obtained with 
specimens cured at the various temperatures. In every case a horizontal, 
straight line can be drawn through the average of the results, showing that 
vulcanization temperature has no effect on the property studied. The points 
vary from this average no more than the normal expectancy of tests of this 
type. 
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The effect of time of cure at a given temperature on the dynamic properties 
of Neoprene and of rubber vulcanizates is shown graphically in Figures 8 to 15. 
At least within the limits of time of cure studied in this investigation, the 
Neoprene stocks behaved in a manner very different from that of the natural 
rubber stocks. With the Neoprene stocks there was no tendency to lose 
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dynamic properties by long cure, whereas with the rubber stocks the well- 
established characteristic of falling off from optimum values by overcure is 
apparent. Figures 8 to 11 show the effect of curing time on the modulus, 
compression stress, resilience, and effective dynamic modulus of three different 
tubber stocks. Each of these stocks was accelerated with tetramethylthiuram 
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monosulfide, and was designed to meet the requirements for RN-430, 535, and 
625. In each case the optimum value was reached in a curing time of approxi- 
mately 25 minutes at 287° F. It should be noted that the loss in resilience by 
overcure is more evident than the loss in any of the other properties measured. 

The effect of extending the time of curing on the dynamic properties of 
Neoprene stocks is demonstrated by Figures 12 to 15, where these properties 
of an accelerated (SC-420) as well as an unaccelerated (SC-425) Neoprene 
stock are shown graphically. It is noteworthy that, with the Neoprene 
stocks, more cure is necessary to reach the optimum values than was required 
for the rubber stocks; furthermore, the time of cure required varies more widely 
for the specific properties studied. On the other hand, long cures, up to 160 
minutes at 312° F, did not result in any decrease from the optimum values. 
Composition SC-420 was accelerated with one part of Permalux®. Figure 12 
shows that Permalux not only increases the stress considerably but decreases 
the time required to attain a high state of cure. The accelerating effect of 
Permalux is demonstrated further by the compression stress curves shown 
graphically in Figure 13. Figure 14 shows that the Permalux-accelerated 


stock (SC-420) reached its maximum resilience in much less time than the un-’ 


accelerated stock. The effective dynamic modulus shown graphically in 
Figure 15 closely parallels the tension modulus shown in Figure 8. 
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The literature on dynamic testing lacks sufficient data to enable the engineer 
to estimate with any degree of accuracy the effect of variations in testing 
conditions on the results obtained. Such testing factors as temperature of 
testing, variations in applied stress, and variations in frequency were therefore 
studied. for some of the rubber and the Neoprene stocks already discussed. 

The effect of temperature on dynamic properties was measured on a me- 
chanical oscillograph which had its working section housed in a combination 
oven-coldbox capable of being operated over a wide range of temperatures so 
that temperatures other than room temperature could be maintained. Tests 
were conducted at temperatures ranging from 20 to 200° F. The results ob- 
tained are shown graphically in Figures 16 and 17. They do not permit gen- 
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eralization regarding the effect of temperature on dynamic properties. F igure 
16 shows the’effect’of temperature on the compression stress of three Neoprene 
stocks (SC-420, 530, and 630) and three rubber stocks (RN-430, 535, and 625). 
It will be noted that the Neoprene stocks and the rubber stock containing the 
highest loading (RN-625) all tend to stiffen as the temperature is reduced. 
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In the temperature range studied the compression stress of the rubber stocks 
containing the lower loadings (RN-430 and RN-535) was unaffected. 

The effect of temperature on the Yerzley resilience of these same stocks is 
shown in Figure 17. As the temperature is increased from room temperature 
to 200° F, there is very little change in the resilience of either the Neoprene or 








460 RUBBER CHEMISTRY AND TECHNOLOGY 


the rubber stocks. As the temperature is decreased below room temperature, 
both the Neoprene and the rubber stocks become less resilient. This change 
(probably associated with its higher freezing point) is much more marked with 
the Neoprene stocks. 

The effect of variations in applied stress on the resulting heat build-up 
was investigated by the use of two Neoprene compositions (SC-525 and 630) 
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and on a rubber composition (RN-635). Figure 18 shows that an increase in 
applied stress results in a corresponding increase in heat build-up. Composi- 
tions SC-630 and SC-525 differ from each other only in the fact that the former 
was accelerated with one part of antimony trisulfide. It will be noted that the 
use of this accelerator reduced the temperature rise by approximately 70° F. 
The rubber stock (RN-635) was accelerated with 2-mercaptothiazoline, an 
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accelerator which is outstanding in producing stocks having a very low heat 
build-up. 

The effect of variations in frequency of applied load on both heat build-up 
and Yerzley resilience was next investigated. Investigations of the effect of 
frequency on resilience were conducted in shear to eliminate the effects of 
slippage and shape factor’. The results are shown graphically in Figures 19 
and 20. As the frequency is increased, the resilience decreases and the heat 
build-up increases at a uniform rate for both the Neoprene and rubber stocks. 
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* It has been well established that the properties of all elastomers can be 
markedly influenced by the choice and quantity of filler used in the composi- 
tions. Carbon blacks are the most widely used fillers in stocks designed for 
use in mechanical applications, and channel carbon black is generally used to 
impart the maximum tensile strength, resistance to tearing, and abrasion, 
and hardness for a given volume loading. However, it has long been recog- 
nized that the use of this filler leads to a marked decrease in resilience and an 
increase in heat build-up. Neoprene, like natural rubber, is reinforced by 
channel carbon black*. This was substantiated by Catton and Thompson’, 
who measured the reénforcing effect of channel carbon black by studying its 
effect on the swelling of Neoprene vulcanizates by oil. 

The effect of varying the loading of channel carbon black from 0 to 35 
volumes per 100 volumes of elastomer (the practical compounding range for 
this type of black) on the Yerzley resilience, heat build-up!®, compression, and 
effective dynamic modulus of an antimony trisulfide-accelerated and unacceler- 
ated Neoprene stock was studied. Rubber stocks accelerated with 2-mercap- 
tothiazoline and having identical volume loadings of black were run as con- 
trols. The results obtained are shown graphically in Figures 21 to 24. In 
general, an increase in the volume-loading of black has the same qualitative 
effect on both Neoprene and natural rubber compositions. However, the 
quantitative differences are so great, particularly above the region of 12 to 18 
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volumes of black, that the absolute values of the various properties are m 
often reversed. This points out in an unmistakable manner the danger of p 
trying to adapt blindly information on natural-rubber compositions to those 

made from synthetic rubber. This variation is particularly evident in Figure bi 
21, which shows the effect of increasing loadings of channel carbon black on the al 
Yerzley resilience. It will be noted that, although the resilience of a gum at 
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rubber stock is somewhat higher than that of a gum Neoprene stock (95 vs. 88 
per cent), the loss in resilience on increasing the black loading is so much greater 
with rubber than it is with Neoprene that above 15 volumes the Neoprene stocks 
are the more resilient. Ata loading of 25 volumes of channel carbon black the 
Neoprene stock has a resilience of 81 per cent, contrasted with only 73 per cent 
for the rubber stock. Since most stocks for mechanical applications contain 
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more than 15 volumes of carbon black, the data shown in Figure 21 are of 
particular importance in compounding for practical applications. 

Figure 22, in which the effect of channel carbon black content on the heat 
build-up is plotted, shows the same characteristics as the figure on resilience 
already discussed. In the range of practical loading the Neoprene stocks show 
a lower heat build-up than the corresponding rubber stocks, even though the 
gum stocks show a marked superiority for rubber in this respect. 
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In the case of compression stress and effective dynamic modulus. Figures 
23 and 24, the Neoprene stocks containing less than 15 volumes of channel 
carbon black are stiffer than the corresponding rubber stocks, whereas above 
this volume loading the Neoprene stocks are softer than their rubber counter- 
parts. With these two properties, however, the change is not so great as it is 
in the case of resilience and heat build-up. 
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In all of the properties studied, the effect of accelerating the Neoprene 
stock is in agreement with the results to be expected from a higher state of 
cure, 1.é., higher resilience, lower heat build-up, higher compression stress, and 
higher effective dynamic modulus. The curves for these two Neoprene stocks 
are essentially parallel to each other, regardless of the property being studied. 

It has been shown that the physical properties of natural rubber and 
Neoprene vulcanizates are unaffected by temperature of cure provided the 
resulting state of cure is the same. The dynamic properties of natural rubber 
stocks show characteristic reversion on extended curing at a given temperature 
which is not characteristic of Neoprene vulcanizates. Variations in frequency 
and load affect rubber and Neoprene vulcanizates in a like manner. Most 
important, the dynamic properties of Neoprene vulcanizates, particularly 
resilience, are not so greatly affected by the addition of increased proportions of 
carbon black as those of natural rubber. 


REFERENCES 


1 Yerzley, ‘‘Neoprene as a Spring Material’, Am. Soc. Mech. Eng. Trans., July 1940. 

2 Riesing, India Rubber World 112, 59, 66, 186, 313 (1945). 

3 Morron, ‘‘The Evaluation of Rubber and Rubberlike Materials’’, presented at the meeting of the American 
Society of Mechanical Engineers, Detroit, June 1946. 

4 Yerzley, India Rubber World 100, 43 (1939). 

5 Torrence, ‘‘Vulcanization of Neoprene with Antimony Trisulfide’’, presented at the meeting of the 
Division of Rubber Chemistry of the American Chemical Society, Chicago, June 1948. 

6 Permalux is the di-o-tolylguanidine salt of dicatechol borate. 

7 Kimmich, ‘‘Rubber in Gamsanlen” ASTM Bull., Oct. 1940. 

8’ Columbian Carbon Company Research Laboratories, ‘‘The Carbon Reénforcement of Neoprene-GN”", 
Columbian Colloidal Carbons, Vol. 6, No. 1. 

® Catton and Thompson, ‘‘The Effect of Carbon Blacks on the Swelling of Neoprene GRM-10 Vulcani- 
zates”’, presented at the meeting of the Division of Rubber Chemistry of the American Chemical 
Society, Cleveland, May 1947. 

# In this particular test, a }-inch stroke was used instead of the ;;-inch stroke used elsewhere in this paper. 











tol 
de 
ve 
na 


pre 
tio 
to 


pre 


we 
tio 
su 
art 


els 
ar’ 
aft 
eit 
ne 


An 








an 





EFFECT OF LIGHT ON NEOPRENE. I. DIS- 
COLORATION OF GR-M VULCANIZATES 
BY DIRECT SUNLIGHT * 


P. A. SANDERS 


Jackson LABORATORY, ORGANIC CHEMICALS DEPARTMENT, E. I. pu Pont pg Nemours & Co., 
WILMINGTON, DELAWARE 


INTRODUCTION 


Recent publications! concerned with the deterioration of vulcanized elas- 
tomers during exposure to weathering by either natural or artificial agencies are 
devoted primarily to studies of such effects as loss of tensile strength and de- 
velopment of exposure cracking. The discoloration of white or light colored 
natural-rubber vulcanizates during exposure to light is not considered a major 
problem, since the extent of discoloration is not great; and in many applica- 
tions, such as white sidewalls for tires, the volume of white pigment is sufficient 
to hide any discoloration that might occur. 

With GR-M the situation is the opposite as far as the importance of the 
problem is concerned. The outstanding resistance of properly compounded 
GR-M vulcanizates to loss of tensile strength or exposure cracking under 
weathering conditions has been well established?, but the problem of discolora- 
tion is encountered with light colored or white vulcanizates. The latter is not 
surprising, since chlorine-containing polymers, whether unsaturated or not, 
are subject to discoloration by light’. 

When loss of tensile strength or exposure cracking of various vulcanized 
elastomers has been used as a criterion of degradation, the results of aging in 
artificial weathering devices have not shown correlation with those observed 
after exposure to natural conditions. In view of this, workers have been forced 
either to modify present accelerated aging equipment‘ or to construct entirely 
new weathering units’. 

It was the purpose of the present work to determine to what extent standard 
accelerated light-aging devices can be used to predict the resistance of white 
GR-M vulcanizates to discoloration by direct sunlight. 


EXPERIMENTAL PROCEDURE 


Recipe 
The following compounding formula was used for white vulcanizates: 

GR-M 100 
Stearic acid 0.5 
Rubber Blue GD Variable* 
White pigment ; Variable 
Extra light calcined magnesium oxide 4 
Circo light process oil 1 
Zinc oxide 5 


* 0.1 Parts with each 20 parts of white pigment. 


* This paper was presented before the Division of Rubber Chemistry at the 113th Meeting of the 
American Chemical Society, Chicago, Illinois, April 21-23, 1948. 
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Cures 


Unless otherwise specified, all stocks were cured for 10 minutes at 60 lbs. 
per sq. in. steam pressure (307° F). Any variations from this cure are indi- 
cated. 


Measurement of discoloration 


Exposure of a white GR-M surface to light and oxygen results in the forma- 
tion of chemical structures which tend to absorb visible light predominantly 
in the blue-violet region of the spectrum. The color changes accompanying 
this deterioration can be followed by determining the light reflectance of the 
surface over the visible spectrum; 7.e., 4000 to 7000 A, before and after ex- 
posure®. This is shown in Figure 1, in which the progressive discoloration of a 
GR-M stock from white to brown during exposure to a weathering device is 
illustrated by reflectance curves. Light reflectance measurements were ob- 
tained with a Bechman spectrophotometer, using magnesium oxide as the 
standard. 
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Fria. 1.—Discoloration of GR-M (20 TiOz) by the weathering unit. 








A simpler method for indicating changes in color, and one that is often 
applicable for determining both the rate and extent of discoloration of a GR-M 
vulcanizate, is to measure the reflectance at 4570 A (monochromatic blue). 
This method measures the degree of yellowing, or discoloration, by the loss 
in reflectance in the blue portion of the spectrum. The loss of reflectance at 
4570 A correlates well with the observed discoloration when changes in reflect- 
ance during exposure to light in the red end of the visible spectrum are compara- 
tively minor or follow a constant pattern of change. Thus the rate and extent 
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of discoloration of the vulcanizate shown in Figure 1 could have been illustrated 
by plotting the change in 4570 A reflectance against time of exposure. Curves 
of the latter type are referred to in this paper as discoloration curves. The 
determination of the reflectance at 4570 A is a standard method in the paper 
industry for comparing the relative whiteness of papers’. 

Measurements of the reflectance at 4570 A for determining the discolora- 
tion by light of GR-M vulcanizates have, however, been found to be most 
useful with stocks cured for comparatively short times, e.g., 10 minutes at 
307° F. GR-M stocks darken during extended cures; and while such specimens 
discolor during exposure to sunlight, the yellowing results, not from a decrease 
in reflectance at 4570 A, but from an increase in the reflectance in the green 
and red portions of the spectrum. An example of this is given in Figure 2 by 
the reflectance curves after one week in Florida of stocks cured_10, 30 and 60 
minutes at 307° F. Judging only from measurements at 4570 A on the stock 
cured for 60 minutes, it might be concluded falsely that the sample had become 
whiter. 
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Fig. 2.—Effect of curing time upon discoloration of GR-M—80 PTS. TiO>. 


Exposure tests 


Outdoor exposures to direct sunlight were carried out at Hialeah, Florida, 
and Woodstown, New Jersey. The samples were mounted at an angle of 45 
degrees on racks facing south. The times of exposure given indicate total 
outdoor exposure. No attempt was made to determine the amount of sun- 
light that any sample received during the exposure. Weathering tests in 
Florida were conducted through the entire year and in New Jersey during the 
summer months. The results obtained in the outdoor exposures were un- 
doubtedly influenced to a great extent by the particular climatic conditions 
during exposure, such as amount and intensity of sunlight, amount of precipita- 
tion, temperature, etc. Comparisons of samples should be made, therefore, 
only in those cases where the samples were exposed at the same time. 

Artificial weathering tests were made with a National Carbon Company 
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Accelerated Weathering Unit, Model X-IA‘, equipped with ‘Sunshine’ 
carbons and a water spray as specified by the A.S.T.M.® This apparatus is 
referred to as the ‘‘weathering unit’’. All radiation below 2600 A was elimi- 
nated by Corex-D filters. The test-pieces, held approximately 19 inches from 
the arc in a cylindrical framework with a 2 hour rotation cycle, were always 
hung at the same level to avoid variations in discoloration resulting from differ- 
ences in position in the unit’. 

Tests were also carried out in the above unit in the absence of the water 
spray. The apparatus in this case is referred to as the ““NCC lamp”. 

A third series of accelerated light-aging experiments was carried out with 
a sunlamp equipped with a General Electric Type S-I bulb'®. The specimens 
were placed for exposure approximately 19 inches from the light source. 


Procedure 


Exposures were carried out on pieces 1.5 X 1.5 X 0.075 inches, a convenient 
size for spectrophotometric measurements. The surfaces of samples exposed 
outdoors were washed with water to remove any adhering dirt. After ex- 
posures of two months or longer, some chalking of the pigment occurred, and 
this was also removed by water washing before reflections were determined. 


ACCELERATED LIGHT AGING 


The rate of discoloration of GR-M white stocks in the NCC lamp is ex- 
tremely rapid during the first few hours and then levels off; the rate and extent 
of discoloration are determined by the amount of titanium dioxide pigment in 
the stocks. This is illustrated in Figure 3 by the discoloration curves of stocks 
with 20 and 80 parts, respectively, of pigment. After 16 hours’ exposure, 
the stock with 20 parts of pigment had discolored to a deep, chocolate brown; 
that with 80 parts of pigment, to a somewhat lighter brown. 

In the weathering unit, the rate and extent of discoloration of the above 
stocks are much less than in the NCC lamp, as shown in Figure 3. After 16 
hours’ exposure in the weathering unit, the stock with 20 parts of pigment was 
a yellow brown and that with 80 parts of pigment was cream colored. The 
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Fic. 3.—Discoloration of GR-M by the weathering unit and NCC lamp. 
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lower rate and degree of discoloration in the weathering unit compared with the © 
discoloration in the NCC lamp may be due to any one or a combination of such 
factors such as the diminished light intensity under the water spray®, the lower 
temperature of aging in the weathering unit’, or the washing away of soluble 
oxidation products by the water spray®. 

The stock containing 20 parts of pigment was also aged in Florida for 
periods up to 24 weeks and under the sun lamp up to 30 days. The discolora- 
tion of this stock during exposure to Florida sunlight and accelerated light- 
aging devices is illustrated by curves in Figure 4. 
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Fig. 4.—Discoloration of GR-M by,.various light sources—20 TiOez vulcanizate. 
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The effects produced by Florida sunlight differ from those produced by the 
weathering unit, the NCC lamp, or the sun lamp. Although GR-M discolors 
during the first few weeks in sunlight, it bleaches considerably during sub- 
sequent exposure. If the aging period in any of the light appliances is too 
long, a degree of discoloration results which is greater than that observed at 
any time during an exposure of 24 weeks in Florida. It can be concluded, 
therefore, that the light stability of GR-M white stocks is satisfactory for 
many uses, although this is not indicated by the accelerated light-aging tests 
commonly employed. 

The behavior of samples under the sun lamp might be considered to fall 
in between that during outdoor exposure and that during aging in the weather- 
ing unit. The rapid initial yellowing, followed by bleaching, was observed to 
some extent with the sun lamp samples, but the degree of discoloration was 
greater than that of the Florida samples. Considering that no water spray 
was used with the sun lamp, which probably would have decreased both the 
rate and degree of discoloration, it appears possible that an apparatus, such 
as that designed by Kemp and Crabtree, which utilizes General Electric Type 
S-I and S-4 bulbs in conjunction with a water spray, might very well give 
excellent correlation with natural exposure. 
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NATURAL SUNLIGHT AGING 


The discoloration curves in Figure 4 indicate broadly some of the differ- 
ences in the type of discoloration produced by standard accelerated light- 
aging devices and that by direct sunlight. A consideration in more detail of 
the behavior of GR-M white stocks during sunlight exposure will further 
emphasize these differences, since a simple discoloration curve describes 
inadequately the discoloration of GR-M stocks during outdoor exposure. 

As previously mentioned, GR-M stocks become increasingly more gray as 
the curing time is extended (Figure 2). During the first few hours in direct 
sunlight, the surface of GR-M stocks bleaches considerably, owing to the 
action of sunlight and air on the gray colored components formed during vul- 
canization. As illustrated in Figure 5, bleaching is very noticeable through the 
first 26 hours outdoors. On continued exposure for 22 more hours, however, 
the blue-white color of the bleached surface disappears and is replaced by a 
slight yellow discoloration. The bleaching action is believed to result from 
a combination of sunlight and air, since samples exposed in stoppered Pyrex 
brand flasks in an atmosphere of nitrogen exhibit no bleaching until the nitrogen 
is replaced by air. Furthermore, specimens aged in the dark in the presence of 
air do not bleach. 
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Fic. 5.—Initial bleaching of GR-M during sunlight exposure. 





Once discoloration has started, it proceeds more or less steadily until the 
surface is a distinct yellow. This generally occurs within the first two weeks 
in Florida, but may take a month, depending on climatic conditions. There- 
after the surface bleaches, the yellow color fades, and the color of the stock 
becomes lighter. Possibly this is because the structures responsible for the 
yellow color are themselves partially destroyed by oxidation as exposure con- 
tinues. Figure 6 shows the discoloration during an exposure of 24 weeks in 
Florida of a GR-M stock containing 20 parts of titanium dioxide. The fading 
of the yellow discoloration throughout the exposure from 2 to 8 weeks is indi- 
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cated by the progressive increase in reflectance in the blue region of the spec- 
trum during this time. On continued exposure from 8 to 12 weeks, the surface 
again discolored and darkened. However, the loss in light reflectance was not 
confined so predominantly to the blue-violet region as during the first two weeks 
of exposure, but extended more into the green and red. Consequently, the 
surface was considerably less yellow than after the first two weeks of exposure 
and tended instead toward a gray-brown discoloration. After 24 weeks’ ex- 
posure, the surface was even less discolored than after 12 weeks. As shown in 
Figure 6, the surface then reflected more light in the blue region than after 
12 weeks and had become more gray than brown. 
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Fic. 6.—Sunlight discoloration of GR-M—20 PTS. TiOc. 


The preceding sections have demonstrated the difference between the effect 
of sunlight and the effect of accelerated light-aging devices on a GR-M stock 
compounded with 20 parts of titanium dioxide pigment. In sunlight the sur- 
face alternately bleached and discolored during outdoor exposure, with the 
color tending to proceed from white to yellow to yellow brown and finally 
toward gray. The degree to which these surface changes take place in sunlight 
is undoubtedly influenced by climatic conditions, but the behavior of GR-M 
in sunlight is also influenced by other variables, such as time of cure and type 
and proportion of white pigment utilized in compounding. To obtain a more 
complete understanding of the action of sunlight on GR-M, it is necessary to 
consider the effect of these variables. 


Variation in white pigment 


The titanium dioxide pigments as a class are the best and most widely 
used for the compounding of GR-M white stocks. However, the titanium 
dioxide pigments differ among themselves in the degree of stability conferred 
upon GR-M, partially at least, as a result of a difference in crystalline form. 
As shown in Table I, stocks compounded with the rutile crystalline form of 
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TaBLeE I 
EFFEcT OF VARIATION IN TITANIUM DIOXIDE PIGMENTS 


Percentage retained reflectance at 4570 A 
after exposure in New Jersey 
2S as 





Crystalline form = 1 Week 2 Weeks 
Rutile 81 86 
Anatase 75 72 


titanium dioxide are appreciably more stable to light than those with the 
anatase crystalline form. 

Pigments other than titanium dioxide have an adverse effect on the light 
stability of GR-M. The decreased light stability of stocks compounded with 
zinc sulfide or TiCAL (30 per cent rutile TiO2-70 per cent calcium sulfate) 
compared to that of a stock compounded with rutile titanium dioxide is indi- 
cated in Table II. The differences in the reflectance of the rutile stocks in 
Tables I and II exposed for the same length of time are due to the fact that 
they were exposed at different times in different localities. 


TasBe II 
Errect oF Zinc SuLFIDE AND TICAL on Liaut SrasBi.iry 


Percentage retained reflectance at 4570 A 
after exposure in Florida 
in 





Pigment r a 
(40 parts) 1 Week 2 Weeks 4 Weeks 
Rutile titanium dioxide 77 80 86 
TiCAL 61 61 75 
Zinc sulfide 57 43 40 


Variation in proportion of titanium dioxide pigment 


As the proportion of titanium dioxide pigment in a stock is increased, the 
alternating bleaching and discoloration during outdoor exposure becomes less 
pronounced. This might be expected, since the increased proportion of pig- 
ment covers up color changes more than lesser proportions of pigment; further- 
more the surface contains less GR-M, the material, that is, bleaching and dis- 
coloring. The effect of a variation in titanium dioxide from 20 parts to 80 
parts on the behavior of a GR-M stock during 24 weeks exposure in Florida is 
shown in Figure 7. 


Effect of time of cure 


Increasing the curing time affects only the initial color of the vulcanizate 
and not the stability in sunlight. As indicated in Figure 2, GR-M stocks dis- 
color, not only in sunlight, but also during cure; and the degree of discoloration 
during cure depends on the time of curing. The discoloration during curing 
differs, however, from that observed in sunlight in that in the former case, the 
vulcanizate merely becomes increasingly more gray, while in the latter, it 
becomes yellow. The gray color developed during curing is evidently de- 
stroyed by exposure to sunlight and air, since, as shown in Figure 2, all stocks 
have the same reflectance curve after one week in Florida, regardless of the 
initial cure and color. On continued exposure, the light stability of the vul- 
canizates is practically identical, as shown in Figure 8. 
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Fie. 7.—Sunlight discoloration of GR-M with varying amounts of TiOs. 
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Fig. 8.—Effect of curing time upon discoloration of GR-M—80 PTS. TiOs. 


Relative sunlight stabilities as determined by accelerated tests 


It has been shown that the behavior of a GR-M white stock during outdoor . 
exposure cannot be predicted accurately by accelerated light tests. This, 
however, does not exclude the possibility of using accelerated light aging de- 
vices for preliminary screening purposes in a search for light stabilizers and 
nondiscoloring antioxidants, since a control with known sunlight stability can 
be included. To determine how useful accelerated light tests could be for this 
purpose, a series of vulcanizates, varying in their sunlight stability as a result of 
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the pigments and antioxidants used in compounding, were also aged in the 
accelerated devices. The differences in light stability between the control and 
the other stocks in the series after the accelerated light tests were then com- 
pared to those differences obtained by direct sunlight exposures. 

The relative sunlight stabilities of the samples were determined after an 
exposure period of two weeks to direct sunlight. It was necessary to select 
some arbitrary aging period and two weeks was chosen because maximum 
yellowing usually occurred within this period. The differences in the percent- 
age of retained reflectance at 4570 A between the control and the other members 
of the series were assumed to be a measure of the relative sunlight stabilities. 

The relative light stabilities of the samples according to the accelerated 
light tests were obtained by determining the difference in percentage of reflect- 
ance retained between the control and the other stocks at the point where the 
control became as discolored (had the same 4570 A reflectance) as the sunlight 
control. The exposure time in the accelerated light-aging units when the 
control had discolored this amount was obtained from discoloration curves, 
such as those in Figure 3. The 4570 A reflectance of the control after sunlight 
exposure was already known, and by applying this value to the discoloration 
curves from the accelerated light tests, the exposure time to reach this 4570 A 
could be determined directly. The 4570 A reflectances of the samples other 
than the control were then determined for the same exposure time. 

By this method the differences in light stability by accelerated light tests 
and direct sunlight were determined for a series of vulcanizates, as discussed 
in the following sections. It can be concluded from the results that accelerated 
light aging tests indicate the various stocks to have a better light stability in 
comparison with the control than is observed after direct sunlight exposures. 
Rutile titanium dioxide stocks, for example, are much better than the corre- 
sponding anatase titanium dioxide stocks by accelerated light tests than they 
are by direct sunlight tests. Likewise, increasing the amount of titanium 
dioxide in a stock improves the light stability more according to accelerated 
light tests, than is observed in sunlight exposures. The same effect occurs 
with stocks containing antioxidants. Accelerated light tests indicate some 
antioxidants to be almost nondiscoloring, whereas sunlight tests show that the 
antioxidants cause considerable discoloration. The data from which these 
conclusions were drawn are as follows. 


Variation in titanium dioxide pigment 


A series of stocks compounded with 20, 40 and 80 parts of anatase and 
rutile titanium dioxides, respectively, were exposed to the various light sources. 
Stocks compounded with the anatase titanium dioxide were considered the 
controls for stocks containing an equivalent proportion of rutile titanium di- 
oxide. No comparisons were made between vulcanizates with differing per- 
centages of pigment. The improvement in light stability achieved by using 
rutile titanium dioxide instead of anatase titanium dioxide is shown in Table III. 

With one exception (which may be an error), all evaluations by accelerated 
light tests indicated a higher. degree of light stability for the rutile titanium 
dioxide specimens compared to the anatase stocks than is observed in sunlight. 


Variation in amount of titanium dioxide 


Increasing the proportion of rutile titanium dioxide in a GR-M stock in- 
creases the resistance of the vulcanizate to discoloration by direct sunlight, but 





the 
and 
om- 


an 
lect 
um 
ont- 
ers 
les. 
ted 
act- 
the 
ght 
the 
7es, 


ght 


DISCOLORATION OF NEOPRENE BY LIGHT 


TaB.e III 


COMPARISON OF RUTILE WITH ANATASE TITANIUM DIOXIDE 
(Anatase controls discolored to same amount in all tests) 


Percentage retained reflectance at 4570 A 
A 





e 
N. J. sunlight Weathering unit NCC lamp Sun lamp 
A A A Am 





Parts—TiOz Reflect. Diff. Reflect. Diff. - Reflect. Diff. | ‘Reflect. Dif. 
20—Anatase 56 56 ' 

+7 2 : +10 
20—Rutile 63 54 66 





40— Anatase 67 67 
+6 +16 
83 


40—Rutile 73 


80—Anatase 72 72 





+14 
80—Rutile 75 86 89 
TaBLe IV 


Errect oF VARYING AMOUNTS OF RUTILE TITANIUM DIOXIDE 
(20 TiO» control discolored to same amount in all tests) 


Percentage retained reflectance at 4570A 





pi — 
Florida sunlight Weathering unit NCC lamp Sun lamp 
A A 











Parts - —~ ~ r 
TiO. Reflect. Diff. Reflect. Diff. Reflect. Diff. Reflect, Diff. 


20 76 76 76 76 
40 79 +3 86 +10 84 +8 82 + 6 
80 84 +8 92 +16 80 +13 88 +12 


not as much as one would be led to expect from the results of accelerated light 
tests. The improvement in light stability when the titanium dioxide is 
increased from 20 to 40 to 80 parts in a stock is shown in Table IV. 


Effect of antioxidants 


The GR-M vulcanizates discussed in the preceding sections contained no 
added antioxidant. For most purposes the resistance of GR-M white stocks 
is sufficient without an added antioxidant (as a result of the tetraethylthiuram 
disulfide present as a stabilizer). For example, a GR-M vulcanizate com- 
pounded with 80 parts of titanium dioxide retained 50 per cent of its tensile 
strength and 40 per cent of its elongation after 14 days in the oxygen bomb at 
70° C and 300 lbs. per sq. in. pressure of oxygen. After an exposure of 24 
weeks in Florida the stock was also in very good condition. In the event, 
however, that the need for a nondiscoloring antioxidant should become more 
important, it was decided to determine the effectiveness of accelerated light 
aging tests for evaluating the discoloring characteristics of antioxidants. 
Stocks compounded with 40 parts of rutile titanium dioxide and 2 parts of 
various antioxidants were exposed in Florida, the NCC lamp, and the weather- 
ing unit. The light stabilities of the stocks containing antioxidants relative 
to that of the control with no added antioxidant are given in Table V. 

Judging from the accelerated light tests, monobenzyl ether of hydroquinone 
and p-phenylphenol are almost nondiscoloring. They cause considerable 
discoloration in GR-M vulcanizates exposed to direct sunlight, however. 
Dixylenol butane retards the discoloration of GR-M vulcanizates during ac- 
celerated light aging tests but not during exposure to direct sunlight. 
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TABLE V 
Lieut STABILITIES OF VULCANIZATES WITH ANTIOXIDANTS 
(Control discolored to same amount in all tests) 
Percentage retained | reflectance at 4570 A 





Antioxidant ° Florida sunlight Weathering unit NCC lamp 7 


Control (no antioxidant) 81 81 81 
Dixylenol butane 78 90 
Monobenzyl ether of hydroquinone 39 76 
p-Phenylphenol 58 75 
Phenyl-8-naphthylamine 15 21 


DISCUSSION OF RESULTS 


When accelerated light tests are of such duration that the controls are no 
more discolored than after exposure to sunlight, the tests indicate the various 
stocks to be relatively more stable with respect to the control than does exposure 
to direct sunlight. It can be considered, therefore, that under these circum- 
stances accelerated light tests are more sensitive than is direct exposure to 
sunlight. In view of this, accelerated light-aging devices should be of con- 
siderable value in any program which involves the evaluation of potential 
light stabilizers and nondiscoloring antioxidants, since the chances of missing a 
promising lead are less than in direct sunlight tests. 


CONCLUSIONS 


1. White GR-M vulcanizates discolor differently in direct sunlight from 
what would be predicted from results obtained with standard light-aging de- 
vices. 

2. Accelerated light-aging tests are of value for preliminary screening 
purposes if the control (of known stability to sunlight) is discolored to about the 
same extent as it would be by sunlight. Under these circumstances accelerated 
light tests indicate the other stocks to be relatively more stable with respect to 
the control than does exposure to direct sunlight. 

3. Stocks most stable to light are obtained by using high proportions of the 
rutile crystalline form of titanium dioxide as white pigment. Variations in 
curing time affect only the initial color of the stock before exposure to light 
and not its resistance to discoloration by sunlight. 

4. The results in this paper apply only to GR-M and to no other Neoprene, 
and only where outdoor exposures are involved. Preliminary results obtained 
by aging GR-M in indirect sunlight (behind glass) indicate that the effects 
produced by direct and indirect sunlight differ. 
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A STUDY OF ELECTROSTATIC CHARGES 
PRODUCED DURING MASTICATION 
OF RUBBER AND OF GR-S* 


R. S. Havenniut, L. E. Caruson, ann J. J. RANKIN 


Sr. JospepH Leap Company oF PENNSYLVANIA, Monaca, Pa. 


The production of static electricity during the mastication of rubber has 
been known for years. Static electricity! has, however, been considered pri- 
marily as a fire hazard, mechanical trouble in industrial processes, or as a 
source of radio interference; and relatively no work has been done relating 
electrostatic fields and contact potentials with the chemical and physical 
properties of the materials involved. This has been due in part to inadequate 
measuring equipment (Gold Leaf electroscope) and to the elusive nature of 
static electricity. 

In a previous paper? a new apparatus (the electrostatic modulator) was 
described for measuring electrostatic contact potentials of cured rubber and 
GR-S; as a result of this work, an “electrostatic contact potential theory of 
reinforcement” was developed. In a subsequent paper*® a relation between 
electrostatic contact potential and tensile strength at elevated temperatures 
for rubber and GR-S, helped to explain the extremely poor tensile properties 
of GR-S at elevated temperatures. 

In the present paper, a new and improved electrostatic modulator is de- 
scribed. This electrostatic modulator records on a chart not only the electro- 
static charge, or field strength, but also the polarity of the field. This device 
has been installed on a laboratory mill, and a study has been made of the 
changes in electrostatic fields produced by masticating rubber and GR-S. 
Electrostatic breakdown curves are shown which indicate that crude rubber 
starts with a highly negative field of —7000 volts. This drops down to 0 value, 
then may increase to +1500 volts as mastication proceeds. Since oxidation 
can be defined as a permanent loss of electrons, this loss of electrons, or elec- 
tronic rearrangement, indicates an oxidation reaction. Regular GR-S on 
mastication does not show this great decrease in electrostatic charge. Low- 
temperature (14° F) polymerized GR-S (Philprene-B) starts out with a poten- 
tial of 1500 volts, and this does not change as mastication proceeds, indicating 
little or no breakdown on milling. 

A partial correlation of electrostatic field strength with Mooney viscosity 
is shown for both rubber and GR-S. 

This apparatus has possibilities for processing control, inasmuch as a 
rough idea of plasticity can be obtained by the decrease in charge as mastication 
proceeds. Any change in mill gauge and cutting of the batch shows on the 
charge curve. Pigments and softeners, which will be covered in a subsequent 
paper, produces a marked change in the curve, which is specific for each in- 
gredient. 


* This paper was presented before the Division of Rubber Chemistry of the American Chemical Society 
at its meeting in Los Angeles, California, July 22-23, 1948. 
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The time on the mill, as well as the number of cuts preliminary to batching 
off, can be followed on the charge curve. 

In general, the more negative the rubber, the better the dispersion and the 
faster the rate of incorporation of positive pigments or other positive compound- 
ing ingredients. The greater the difference in electrostatic potential between 
the rubber and compounding ingredient, the greater the attractive force be- 
tween them and, consequently, the faster the incorporation of the added in- 
gredient. If the rubber is masticated too long, it becomes soft, and the electro- 
static field becomes positive (+); dispersion is thus rendered difficult because 
of repulsion of the positive fields around the rubber and the pigment. 

With this device, not only can a check be made on a mill operator’s mixing 
procedure; but fundamental studies can be carried out on the incorporation of 
pigments and softeners, thus assuring the proper timing and sequence of milling 
operations. 


NEW ELECTROSTATIC FIELD STRENGTH METER 


A photograph of the electrostatic field strength meter mounted on a rubber 
mill is shown in Figure 1. It consists of three units: the modulator head, the 
audio amplifier, and the recording output meter. 


MODULATOR HEAD 


A photograph and line drawing of the modulator head are shown in Figures 2 
and 3. This unit changes the electrostatic field into an alternating current 
voltage which is proportional to the field strength itself. This voltage, after 
amplification by the audio frequency amplifier, is rectified and recorded by the 


output meter. 


Fia. 1.—Photograph of electrostatic field strength meter mounted on rubber mill. 
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Fig. 3.—Line drawing of modulator head. 


The operation of the No. 1 fan of the modulator (Figures 3 and 4) is similar 
to that described in our previous paper®. It cuts or modulates the electro- 
static lines of force, or field, between the sample and the stationary plate con- 
nected to the grid of the audio frequency amplifier, thus producing the 3000- 
cycle audio frequency voltage. In the new unit, the specimen plate and lower 
charge plate of the old unit have been eliminated, for when they are continu- 
ously exposed to the electrostatic field they cause trouble by taking on a charge. 
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This modification of the old unit enabled the electrostatic field to be recorded 
continuously. However, it was observed that, on mastication of rubber, 
the charge curve started at a very high negative value, then dropped to zero; 
and as mastication proceeded, the charge increased again. This did not seem 
reasonable; and on checking polarity with a vacuum-tube voltmeter, the elec- 
trostatic field actually changed from negative (—) to positive (+) and, as 
expected, the rubber became less negative, or more positive, as mastication 
proceeded. This meant that, for the apparatus to be of value, it must dis- 
tinguish polarity as well as measured magnitude of the electrostatic field. 















































SCHEMATIC DIAGRAM OF ELECTROSTATIC FIELD STRENGTH METER. 











Fic. 4.—Schematic of audio amplifier. 


POLARITY INDICATOR DEVELOPMENT 


After considerable experimentation, it was observed that a positive elec- 
trostatic field produced a 180°-phase shift in the output wave when a cathode 
ray oscillograph was used as an output-meter. This led to the development of 
the second modulator fan (see Figures 3 and 4), which produced a voltage of 
fixed phase and the same frequency and wave form as that produced by No. 1 
fan. These two voltages are applied in series to the grid of the second audio 
stage (6N7) (Figure 4). When they are in phase, they are additive; when 180° 
out of phase, as is the case when the polarity of the electrostatic field changes 
from negative to positive, they buck each other and the difference between 
them is recorded on the output meter. If they are of exactly the same mag- 
nitude when in phase, the reading is twice the value of either one; when 180° 
out of phase, the output meter is zero. 

The magnitude of the bucking voltage from fan No. 2 (Figure 4) is adjusted 
by means of the volume control Re (Figure 4), so that the output meter reads 
center scale when the electrostatic field around fan No. 1 is zero. A phasing 
control also is provided (Ri, in Figure 4), and it is adjusted so that reading on 
the output meter is zero when the alternating current voltages from fans Nos. 1 
and 2 are equal and 180° out of phase. Ris is a secondary control to aid in 
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obtaining proper phase adjustments. Once adjusted, these controls seldom 
need to be readjusted. The gain control (Ris, Figure 4) is to adjust the sensi- 
tivity and range of the instrument. Six field-strength ranges, of 200 volts/in., 
full scale, to 10,000 volts/in., full scale, can be obtained conveniently by 
proper setting of this control. 


AUDIO AMPLIFIER CIRCUIT 


With the exception of the novel circuit for polarity indication, the audio 
amplifier circuit is similar to that used for public address work. The complete 
scheme is shown in Figure 4. It will be noted that the alternating current- 
voltage from modulator fan No. 1 is preamplified by a high-gain 6SJ7 voltage 
amplifier. The amplified voltage is then passed to the grid of the 6N7 second 
audio stage, then to the push-pull 6L6 beam power-output stage. It is then 
rectified by the selenium rectifier, and recorded on the recording output meter. 

The so-called alternating-current bucking voltage from modulator fan 
No. 2 is produced from the 90 volt B battery supply source. It is amplified 
by the two-stage 6SN7 dual triode tube and passed on through the audio 
transformer and phase control circuit, and finally injected, in series with the 
amplified voltage from fan No. 1, into the grid circuit of the 6N7 second audio- 
amplifier tube. It then passes through the power-output stage to the recording 
output meter. 


CALIBRATION OF FIELD STRENGTH METER 


The instrument was calibrated by applying known high d.c. voltages (0 to 
10,000 volts) to a large metal plate (36 X 36 inches) supported parallel to, and 
at various distances (1 to 5 inches) from, the modulator head. The field 
strength was found to vary linearly with the distance, so the meter was cali- 
brated directly in field-strength units (volts per inch). The amplifier was 
designed to give a linear response; the calibration curve is shown in Figure 5. 
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Fig. 5.—Field strength meter calibration chart. 
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Similar curves (all straight lines), which are not shown, were obtained for 
various gain control settings giving full scale ranges of 200 to 10,000 volts/in, 
If the modulator is 2.9 inches from the rubber, the actual voltages would be 2.9 
times the field strength units shown in the calibration graph. For all the 
charts in this paper, the field strengths are reported in volts at 2.9 inches. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The modulator head was mounted on a mill with a suitable bracket so 
that it could be moved toward or away from the rubber and also to the left or 
right. A distance of 2.9 inches from the rubber was found to be satisfactory, F 
If the modulator is too close to the rubber (0.5 inch), there is danger of the f 
electrostatic charge arcing over and discharging on the grounded shield, and 
also danger of damaging the modulator when cutting the rubber. If too far F 
away, the field strength may be too low to operate the output recorder. The 
rod shown on the right side of the modulator touching the rubber is a guide Ff 
with a miniature ball-bearing mounted in the end which rolls against the rub- 
ber. By means of this adjustable mounting, the modulator can be kept at a 
fixed distance away from the rubber as the rubber sheet becomes thinner from f 
mastication. This rod can be dispensed with in all ordinary tests, since the 
change in charge due to change in this small distance is insignificant. The 
amplifier, modulator, and output system were check-calibrated before and 


TABLE 1 


COMPARISON OF ELECTROSTATIC FIELD STRENGTH AND MOONEY VISCOSITY 
or Various PoLYMERS MASTICATED ON A LABORATORY MILL 


Electrostatic field strength 
A 





Time of Mooney 
mastication viscosit 


y Volts per Volts at 
Polymer (minutes) (4 MS at 212° F) inch 2.9 inches 
Rubber 0 57 — 2240 — 6500 
Average for smoked sheet 5 29.5 — 1100 — 3200 
and pale crepe 7.5 25 —475 — 1350 
10 19 +345 +1000 


GR-S-X 180 
Regular GR-S 


27.5 — 2340 — 6760 
26.5 — 2070 — 6000 
24 — 1630 — 4720 
23.5 — 1390 — 4020 


38.3 — 1540 — 4460 
33.5 — 830 — 2400 
31 —495 — 1440 
28 — 465 — 1350 


34.1 —515 — 1500 
30.3 — 138 — 400 
30.0 — 138 — 400 
29.7 — 138 — 400 


34.5 — 350 — 1010 
29.9 —69 — 200 
29.3 —69 — 200 
28.5 —69 — 200 


34.9 +450 + 1300 
29.3 +480 +1400 
28.7 +515 + 1500 
28.0 +515 +1500 


uo 


GR-S 60 
Cross-linked GR-S 


ol 


Philprene A 
41° F polymerizing 
temperature 


_— 


GR-S-X 435 
41° F polymerizing 
temperature 


or 
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Philprene B 
14° F polymerizing 
temperature 
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1ed for TABLE 2 
olts/in, Mooney Viscosity OF VARIOUS POLYMERS 
| be 2.9 Mooney viscosity—small rotor—2122 F 
all the Time of Minutes 
mastication lam 
es. Polymer (minutes) 1 2 3 
Rubber 0 103 77 63.5 
Average for crepe 5 33 32 30.5 
and No. 1 smoked sheet 10 23 21 19.5 
sket so 
left or  GR-S-X 180 29.5 27.5 27 
actory, 4 e 20.1 28.7 27.6 
of the b 27.3 27 25 
ld, and B gp.s-cv 43.2 42.5 40 
too far 33 35.8 35 
The 29 30.5 28.5 
guide B phitprene-A 45 40 36.5 
he rub- 41°F 40.8 35.5 322 
pt ata 38 33.9 31.2 
ar from ae 
1ce the GR-S-X 435 32.4 36 
a U.S. Rubber 5 : 40 35.1 32 
The 41°F 10 5. 34 30.7 
re anid 


Philprene-B 0 51. 45 37 
14°F 5 : 34 31 
10 2 37 
TABLE 3 
COMPARISON OF ELecrROsSTATIC ConTACT POTENTIAL’ AND MooNrEy VISCOSITY FOR 


Various Potymers MAsTICATED ON A LABORATORY MILL* 
nches 


‘. Time of Mooney Electrostatic 
3500 mastication viscosity contact-potential 
3900 Polymer (minutes) (4 MS at 2122 F) in volts 
350 Rubber 0 57 —3500 


1000 » Average for No. 1 smoked sheet 5 29.5 — 2500 
and pale crepe 10 19 — 1750 


GR-S-X-180 0 27.5 — 5300 
: 5 26.5 —4750 
10 23.5 — 4500 


GR-S-60 0 38.3 —4750 
5 33.5 —4250 
10 28 — 4000 


* Size of mill: 6 X 12 inches 
Mill temperature: 130° F 
Distance between mill rolls: 0.042 inch 
Batch size: 300 grams 


| after each test by using a 45-volt B battery to furnish voltage to a one-inch 

plate held in the Lucite holder on top of the modulator (see Figure 3). This 

| plate was set } inch from the grid plate and output meter reading noted. 
After calibration, the plate was slid back out of place in the Lucite holder. 

The bucking voltage control R: was first set so that the output meter 

would read half-scale when no charged object was near the modulator fan No. 1. 

Three hundred grams of rubber was placed on the 6 X 12-inch mill, using a 

» 0.042-inch distance between the rolls and 130° F mill-roll temperature. The 
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room temperature should be maintained essentially constant and the relative 
humidity constant and under 50 per cent to obtain duplicate results. The 
rubber was masticated, and the field strength around the rubber was recorded 
automatically on the output meter chart. Typical electrostatic breakdown 
curves, which are actual photographs of the Esterline Angus recorder charts, 
are shown for pale crepe, premasticated blend of No. 1 smoked sheet and pale 
crepe, regular GR-S X-180, cross-linked GR-S-60, Philprene-A (polymerized 
at 41° F), and Philprene-B (polymerized at 14° F) (see Figures 9 to 14), 
Table 1 lists average data for two or more sets. It will be noted that there is 
considerable difference in behavior between the various polymers in regard to 
both electrostatic field strength and Mooney viscosity. 


MOONEY VISCOSITY 


Mooney viscosity tests (see Tables 1, 2, and 3) were run with an NBS-model 
apparatus equipped with Brown electronic temperature and load recorders. 
The small rotor and a temperature of 212° F were used for all tests. Mooney 
values were reported for four-minute cycles, except in Table 2 where the 


Mooney values were reported for zero, one, two, three, and four-minute — 


periods. 


FIELD PATTERN 


To determine the electrostatic field pattern around the rubber, the modu- 
lator was removed and held in six different positions while mastication pro- 
ceeded. The results are shown in Figure 6 for a tight mill with relatively 
large bank, and for an open mill with small bank. 
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Fia. 6,—Electrostatic field pattern, 
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It will be noted that the strongest field is directly above the bank rubber on 
the tight mill, and the charge distribution becomes more uniform around the 
roll as the mill is opened wider. The high field strength at the bank possibly 
is due to the large area of the bank and its acting as a capacitor and storing up 
the charge. 


ELECTROSTATIC CHARGE DISTRIBUTION 


Charge-distribution tests are shown in Figure 7 and Figure 8 for rubber 
which has been masticated to the point where it shows the presence of a positive 
electrostatic field around it. By rolling the rubber inside in, as shown in 
Figure 7, the negative field, or charge, can be rolled up inside the rubber, and 
shows a positive charge. By rolling the rubber outside in (see Figure 8), the 
positive electrostatic field or charge can be rolled up inside the rubber; and it 
then shows a negative charge when brought near any electrostatic polarity 
charge-indicating device, such as a VTVM or our new modulator. 
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Fia. 7.—Electrostatic charge distribution (+) for (+) field. 


ELECTROSTATIC CONTACT POTENTIALS 


Electrostatic contact potentials were run, using the plunger apparatus 
described in a previous paper*, for measuring cured rubber samples. The re- 
sults in Table 3 indicate that, as the rubber is masticated, it becomes less 
negative. This checks the data obtained with the new modulator on electro- 
static field strengths. However, all contact potentials are negative in charge; 
and there are no positive charges even on masticated rubber. This indicates 
that possibly the polar rubber on the mill was more highly oriented during 
mastication than when the steel plunger contacted the rubber in contact po- 
tential measurements. 
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Fig. 8.—Electrostatic charge distribution (—) for (+) field. 


DISCUSSION OF RESULTS 
SOURCE OF ELECTROSTATIC FIELD 


When any two dissimilar materials are brought into contact, electronic 
rearrangement takes place; hence when separated, one material becomes 
positive, the other negative. In other words, there is an interchange of elec- 
trons—what one gains, the other loses. All materials can be arranged in an 
electrostatic contact-potential series, and the particular place in the series 
depends on the composition of the material itself. For example, rubber and 
GR-S are on the negative end of the scale, whereas pigments like zine oxide 
and carbon black are on the more positive (less negative) end of the scale. 

In the mastication of rubber, the two dissimilar materials are the rubber and 
the steel mill-roll. When the rubber is squeezed into contact with the steel 
roll, electronic rearrangement takes place, and as the rubber rolls away from 
the roll, the rubber becomes negative and the steel roll becomes positive. 
This negative charge produces an electrostatic field around the rubber, which 
is measured with our modulator. The positive charge on the mill goes off to 
ground, since the mill is grounded. Any change in composition of the rubber 
due to mastication, oxidation etc., manifests itself as a change in field strength. 


CAUSE OF POLARITY CHANGE 


It is thought that, as rubber is masticated (Figures 9 and 10), oxygen reacts 
with the molecules, reducing the chain length and making it more polar’. 
Unoriented oxidized masticated rubber (Tables 1 and 3) has a less negative 
contact-potential than unoxidized unmasticated rubber; hence the electro- 
static field strength becomes less negative with mastication. As mastication 
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Fic. 9.—Crude crepe. 
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Fic. 10.—Premasticated blend rubber. 
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proceeds, more of the polar oxidized molecules become oriented or aligned until, 
finally, enough are aligned to produce a positive electrostatic field toward the 
end of the mastication cycle. This is indicated by the results shown in Figures 
7 and 8, which indicate that one side of the rubber is positive, the other, nega- 
tive, provided that the electrostatic field around the mill is positive. When 
positive rubber is taken from the mill and allowed to relax, the molecules as- 
sume a more random position and may become negative again (but never so 
negative as the original crude rubber). This is a further indication that the 
actual positive field is produced in part by alignment of the polar oxidized 
molecules. The polar nature of rubber is mentioned in an article by Williams". 
The data on contact-potentials in Table 3 also bear out this, since the contact 
potentials were run without severe distortion of the rubber*. The loss in 
negative charge, in any case, indicates an oxidation reaction which supports the 
classic work of Cotton® and of Busse’. 

The results on cross-linked GR-S-60 (Figure 12) show some changes in 
electrostatic field strength and viscosity, as might be expected from a cross- 
linked material. 
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Fig. 11.—GR-S-X-180. 


GR-S 


Regular GR-S (122° F polymerization temperature) (see Figure 11) de- 
creases in field strength to a limited extent on mastication, but does not break 
down like natural rubber, as indicated by both Mooney viscosity figures and by 
the shapes of the electrostatic curves. GR-S, because of its chemical and 
physical structure, is not so subject to oxidation, orientation, and alignment as 
is natural rubber; hence, gives a different electrostatic breakdown curve. 








until, 
d the 
gures 
nega- 
When 
eS as- 
rer 80 
it the 
dized 
yms!?, 
ntact 
8S in 
ts the 


res in 
cross- 





1) de- 
break 
nd by 
il and 
ent as 


STATIC ELECTRICITY DURING MASTICATION 








VOLTS AT 2.9 IN. 


GRs_ 60 





3 
TIME MIN, 








Fie. 12.—GR-S-60. 
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Fie. 13.—Philprene-A (41¢ F), 
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Fic. 14.—Philprene-B (14° F). 
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Fig. 15.—Electrostatic field strength vs. Mooney viscosity for rubber. 
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Philprene-A (41° F polymerization temperature) (see Figure 13) is unusual 
in that it gives an essentially zero electrostatic field throughout mastication. 
As the temperature of polymerization is lowered, the electrostatic-breakdown 
curves flatten and become less negative (see Figure 13); and in the case of 
Philprene-B (14° F polymerization temperature) (see Figure 14), the field 
actually is positive, which indicates unusual properties of this type of material 
in the crude state. Polymolecularity and unusual properties of this material 
in the crude state have been reported previously in an excellent paper by 
Shearon, McKenzie and Samuels* on the low-temperature manufacture of 
chemically made rubber. 

The flat electrostatic breakdown curve indicates little or no breakdown 
during mastication of Philprene-B, and this is borne out by Mooney Viscosity 
tests. The positive and flat nature of the electrostatic curve, along with the 
other properties, indicates, also the presence of readily aligned, long-chain, 
somewhat polar molecules for this material. 

In spite of the electrostatic breakdown curves for rubber and GR-S being 
widely different, there is nevertheless a partial correlation between plasticity 
and electrostatic charge, as shown in the Mooney viscosity vs. electrostatic 
charge curves of Figure 15 and Figure 16. 
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Kia. 16.—Electrostatic field strength vs. Mooney viscosity for GR-S. 


SUMMARY AND CONCLUSIONS 


A new electrostatic field strength meter has been described which measures 
and records, not only the magnitude of electrostatic fields, but also their 
polarity. 

This device has been used in a study of the mastication of rubber, and has 
furnished data which indicate that rubber becomes less negative, and may ac- 
tually become positive, as mastication proceeds; this indicates in turn an oxida- 
tion of the molecules as well as an electronic rearrangement and orientation 
of the rubber molecular chains. 
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Data on GR-S polymerized at different temperatures show entirely differ- 
ent electrostatic breakdown curves, which, with other physical characteristics, 
indicate unusual properties of the crude low-temperature polymers; e.g., high 
molar weight, long-chain molecules, already or easily oriented, which do not 
oxidize or break up appreciably on mastication. 

A partial correlation of Mooney viscosity and electrostatic contact-poten- 
tial and field strength has been shown for rubber and GR-S which have been 
masticated on a rubber mill. 

The new electrostatic-field strength meter shows promise as a new tool 
which can be used in processing control, and also as a research instrument for 
obtaining fundamental information on mastication, pigment dispersion and 
incorporation, as well as an aid in forming new concepts concerning the struc- 
ture of matter. 
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CONSTANTS FOR AUDIO AMPLIFIER 
Shown in Figure 4 


Transformers 


T.i—<Audio transformer UTC (0-7 Ouncer) 

T.—Interstage transformer 

T;:—Power transformer 

T,—Output transformer—8-ohm secondary 
Meter rectifier—selenium—10-volt, 250 MA 
Putput meter—Esterline Angus recorder—100 MV, 250 MA, D.C. full-scale 
. B.C.—1-volt bias cell 


Controls 


R, —Bucking voltage gain control, 0.5-meg. potentiometer 
Ri;—Input gain control, 1-meg. potentiometer 

Ri«—Phase control, 0.5-meg. potentiometer 

Ris—Tone control, secondary phase control, 100-K potentiometer 


Condensers 
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PHYSICAL PROPERTIES OF FRACTIONS OF 
GR-S AND THEIR VULCANIZATES* 


JoHN A. YANKO 


Tur B. F. Gooprich Company, RESEARCH CENTER, BRECKSVILLR, OHIO 


INTRODUCTION 


This investigation, pertaining to the effect of number-average molecular 
weight on various physical and chemical properties of the vulcanizates of 
butadiene-styrene copolymers (75/25), designated as GR-S, and fractions 
thereof, was prompted by the obvious need of better bench marks by those 
engaged in producing and developing better synthetic rubbers. 

By the use of modifiers, or chain terminators, it has been possible to pro- 
duce GR-S samples, gel-free, with varying viscosity average molecular-weight 
values, as indicated by appropriate viscosity measurements. Qualitatively, 
those samples having the higher intrinsic viscosity values, when compounded in 
a Santocure tread-type recipe, gave vulcanizates with better physical proper- 
ties. However, it was felt that additional and more detailed data were required 
to show the effect of molecular weight on the physical properties of vulcanized 
GR-S, assuming that only minor changes are encountered in chemical structure. 
Attempts to answer this problem could be made in two ways: the first method 
involves the determination of the effect of varying molecular-weight distribu- 
tions on the desired cured physical properties; the second method is to deter- 
mine the physical properties of the vulcanizates of the fractions of the GR-S 
sample. The latter method was employed in this investigation. 

When vulcanized, the GR-S molecules are cross-linked into a network struc- 
ture by small percentages of sulfur. This vulcanized structure can be char- 
acterized by an average molecular weight, and(or) the molecular-weight dis- 
tribution between points of cross-linking. Basically, it can be said that the 
resultant vulcanized structure of GR-S is a function of the average molecular 
weight (or molecular-weight distribution of a heterogeneous sample) just before 
vulcanization and the proportion of effective cross-linking agent employed. 
It is evident that the average molecular weight of molecular-weight distribu- 
tion of GR-S just before vulcanization is not equivalent to these parameters 
as determined on the unmilled uncompounded GR-S, since the compounding 
processes employed by the rubber industry bring about changes in the sol-gel 
characteristics of GR-S, such as a reduction in the magnitude of the molecular 
weights of the benzene-soluble units and a reduction in the amount and change 
of structure of gel material present. These changes occur during milling and 
processing cycles. 

An excellent study on the effect of molecular structure on the physical 
properties of Butyl rubber has been made by Flory'. The present study on 

* Reprinted from the Journal of Polymer Science, Vol. 3, No. 4, pages 576-600, August 1948. This 
investigation was carried out under the sponsorship of the Office of Rubber Reserve, Reconstruction 
Finance Corporation, in connection with the U. S. Government Synthetic Rubber Program. The paper 


was presented before the Division of Rubber Chemistry at the 112th Meeting of the American Chemical 
Society, New York, September 17-19, 1947. 
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GR-S was complicated by the fact that GR-S, unlike Butyl rubber, has a struc- 
ture which is believed to deviate considerably from linearity; and when com- 
pounded it undergoes measurable mechanical breakdown, oxidative breakdown 
and, under high-temperature conditions, it often undergoes gelation. How- 
ever, it was felt that by employing a standard milling procedure and by charac- 
terizing the unfractionated GR-S and GR-S fractions before milling and also 
before the addition of carbon black useful information could be obtained con- 
cerning the effect of the number average molecular weights of unmilled and 
milled fractions on the resultant physical properties of the vulcanizates of these 
samples. 

Other variables, such as percentage of styrene, rate cold-mill breakdown, 
percentage shrinkage of uncompounded and compounded stocks, and Mooney 
plasticity values, were studied as a function of number average molecular 
weight. 

EXPERIMENTAL METHODS 


Fractionation.—Fifteen hundred grams of GR-S (sample X-55) was cut into 
thin pieces and placed in a 12-gallon Pyrex vessel containing 34 liters of c.P. 
acetone. After 3 days, during which time the solution was kept in darkness 
and stirred intermittently, the acetone solution was removed. Then the co- 
polymer was similarly extracted with 34 liters of methanol, and the methanol 
solution obtained was combined with the acetone solution. This solution was 
concentrated at room temperature in darkness and was then placed in a 
vacuum oven where the solvents were completely removed after 3 days at 
30° C at reduced pressure. This lowest molecular fraction contained 127 
grams of material, consisting of free soap, fat acid, age-resistor, and low- 
molecular copolymer. The remaining extracted GR-S sample was redissolved 
in 35 liters of c.p. benzene containing 1 per cent antioxidant (phenyl-8-napth- 
thylamine) on the copolymer. 

Isolation of the narrowed molecular fractions of GR-S was carried out by 
a fractional precipitation technique similar to that employed by Flory?, with 
benzene as the solvent and methanol as the precipitant. To the GR-S solu- 
tion, thermostatted at 30° C in a large air bath, methanol was added slowly 
and the solution was stirred until the desired amount of precipitation had 
occurred; the solution was then warmed until the precipitated phase had re- 
dissolved. Reprecipitation was allowed to occur by slowly cooling the solution 
to 30° with moderate stirring. The solution was then allowed to stand in the 
dark for 2-3 days at 30°; during this time the higher molecular units precipi- 
tated completely. After the precipitated phase (approximately 200-250 
grams of copolymer) was carefully isolated, it was redissolved in approximately 
30 liters of c.p. benzene and reprecipitated as mentioned before to give Frac- 
tion 1. The amount of methanol added was regulated so as to obtain approxi- 
mately 150-200 grams of copolymer in the final fraction. To the precipitated 
phase containing Fraction 1 was added 1 per cent of phenyl-8-naphthylamine 
on the fraction and 2 liters of benzene; aliquot portions of this solution were 
then coagulated with excess methanol to obtain sufficient amounts of Fraction 1, 
which was then dried under reduced pressure at 25°. For osmotic pressure 
work, these aliquots were coagulated by a large excess of methanol to reduce 
the phenyl-6-naphthylamine content to a minimum. The soluble phase ob- 
tained on the first precipitations was combined with the soluble phase obtained 
in the reprecipitation step of Fraction 1, and these were allowed to concentrate 
at room temperature in darkness in the presence of phenyl-8-naphthylamine. 





496 RUBBER CHEMISTRY AND TECHNOLOGY 


After concentrating to a suitable volume, the precipitation process was re- 
peated to obtain Fraction 2, and subsequent fractions. To obtain good separa- 
tions, the first precipitation of a given fraction took place in a polymer solution 
whose concentration varied from 0.8 to 2.5 per cent, and the second or later 
precipitations took place in 0.3 per cent solutions. Fractions 1-6 were pre- 
cipitated at least twice from dilute polymer solutions whose concentrations 
were approximately 0.3 per cent. 

Sol-gel measurements—GR-S and other copolymers made from diolefin 
monomers often contain some gel material that is thought to be present as a 
consequence of branching and cross-linking in the copolymer. Characteriza- 
tions of the gel and sol material present in the GR-S fractions and in the un- 
fractionated GR-S were made in terms of percentage of gel content, swelling 
index of the gel portion, and the intrinsic viscosity of the benzene-soluble 
portions. 

Essentially, the sol-gel separations were carried out as recommended by 
the Office of Rubber Reserve Committee on Standardization of Methods and Ap- 
paratus for Determining Molecular Weights of Polymers, with a few minor 
changes. This procedure involved the placement of 0.3000 + 0.0002 gram of 
copolymer cut into fine pieces on a screen rack ensemble consisting of five 
50-mesh circular screens mounted on a stainless tube—each screen being ap- 
proximately 40 mm. in diameter and 12 mm. apart. This screen rack unit was 
then placed in a flat-top Pyrex weighing bottle, 45/12 T.S., 40 x 80 mm., 
containing 75 cc. of c.p. benzene. The standard taper weighing bottle was 
capped and, after 72 hours at room temperature, the benzene-soluble portion 
was removed and filtered through Grade-C sintered glass filters. The determi- 
nation of the amount of soluble material present in a 25-cc. aliquot enables one 
to calculate the percentage gel content. 

The ratio of the swollen gel weight to dry gel weight gives a number, defined 
as the swelling index of the gel portion, that essentially characterizes the tight- 
ness of the gel structure, and, in some measure, the average molecular weight 
between points of cross linking in the gel structure. 

Intrinsic viscosity measurements.—Viscosity determinations were made in 
calibrated Ostwald viscometers employing 5 cc. of polymer solution. The 
kinetic energy correction factors of the viscometers employed were 1.5 per cent 
or lower. All viscosity work was performed at 25.00° + 0.01° C, with c.p. 
benzene as a solvent. After temperature equilibrium had been attained, the 
times of flow were timed to the nearest 0.1 second, and at least 3 determinations 
were made on a given concentration with a reproducibility of +0.15 second. 
Viscosity measurements were made in this fashion on three or more concentra- 
tions of a given polymer solution, and the intrinsic viscosities were calculated 
from the expression: 


_ In (¢/to) 
T c 


[9] 


where [7] is intrinsic viscosity, ¢ is time of flow of polymer solution in seconds, 
to is time of flow of pure solvent in seconds, and c is concentration of polymer 
solution in grams of polymer per 100 cc. of solution at 25.00° C. 

Viscometers were cleaned after each run with benzene, nitric acid, distilled 
water, and redistilled acetone, and were dried before running the next viscosity 
measurement. 

Limiting intrinsic viscosities, [y]o, were obtained from the plot of [7] vs. 
concentration extrapolated to zero concentration. 
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Osmotic pressure measurements.—All the osmotic pressure work was per- 
formed with newly designed precision stainless-steel osmometers, which will be 
described in a later report. 

A large amount of experimental work was performed evaluating semiperme- 
able membranes prepared from the following materials and treated in various 
ways: cellophane, collodion, porous stainless steel metal impregnated with 
CuzFe(CN). or with collodion or collodion plus CusFe(CN).s, and undried 
regenerated cellulose film. 

The best semipermeable membranes were prepared from undried cellulose 
film, Type 330, obtained from Sylvania Industrial Corporation, Fredericksburg, 
Virginia, and were treated in the following manner. The film was immersed in 
10 per cent NaOH solution at room temperature for 30 minutes and then im- 
mersed for 2-4 minutes in distilled water and for 10 minutes in the following 
solvents in the order indicated: acetone, ethyl alcohol, ethyl alcohol/benzene 
(50/50), and benzene. 

Osmotic pressure measurements were made at 25.000° + 0.005° C on the 
benzene-soluble portions of the GR-S fractions and unfractionated GR-S, 
using a combination of the static and dynamic methods. A Gaertner cathetom- 
eter, reading directly to 0.005 cm., was used to measure the osmotic pressure 
values. Equilibrium was approached from both sides, employing different 
osmometers; rechecks on each solution indicated a reproducibility of approxi- 
mately 5 per cent for Fractions 2-7. Matched precision bore capillary tubing 
was employed in the osmometers, and it was found thot no corrections for 
surface tension of the polymer solutions were required over the concentration 
ranges employed. 

In general, equilibrium values were obtained in approximately 50 hours at 
25° C with the membranes employed, and, after the completion of each run, 
the solvent side of the osmometer was checked for dialyzed material by a total 
solids determination on the entire quantity of solvent employed. In all cases, 
with the exception of Fractions 8 and 9, less than 1-2 per cent of solute had 
diffused through. 

Data typical of an experimental run are plotted in Figure 1. Fraction 8 
contained 8 per cent of material which diffused through in 50 hours; Fraction 9 
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Fie. 1.—Osmotic pressure versus time, using Fraction 4. 
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was definitely too permeable for the membranes employed to give reliable 
osmotic pressure values. 

The equilibrium osmotic pressure values of three or more concentrations of 
the solutions of polymer or fractions were determined and the plot of h/c vs. ¢ 
was extrapolated to zero concentration to give the limiting osmotic pressure 
values. Osmotic pressure rise (h) was expressed in centimeters of benzene at 
25.00° C, and the concentration term (c) in grams of solute per 100 ce. of solu- 
tion at 25.00° C. 

Osmotic pressure determinations were also made on the unfractionated 
GR-S sample, which had its low molecular material removed by slowly dropping 
a benzene solution of GR-S into a beaker containing a large excess of methanol. 
The precipitated material was extracted for 2 hours, then redissolved in ben- 
zene, and precipitated by methanol as before. The precipitated material was 
vacuum dried at 25° C, and then redissolved in c.p. benzene for osmotic pres- 
sure work. 

Compounding.—All the fractions and the unfractionated GR-S were com- 
pounded in a Santocure tread-type recipe as follows: 


100 parts 100 parts 

Copolymer by weight Copolymer by weight 
Carbon black (E.P.C.) 50.0 Stearic acid 1.5 
Zinc oxide 5.0 Santocure 1.2 

Paraflux 5.0 Sulfur Variable 


Fifty-eight grams of copolymer was milled for 3 minutes on a 4 X 9-inch 
mill, with the mill rolls at approximately 20° C, and with a clearance of approxi- 
mately 0.01 inch. The compounding ingredients were then added in the order: 
zine oxide plus Santocure, carbon black, stearic acid plus Paraflux, with respec- 
tive milling times of approximately 3, 15, and 5 minutes. During this time, 
the batch was cut back and forth repeatedly for thorough blending. Sulfur 
was then added to the batch, and the stock was rolled up and passed endwise 
through the mill 6 times. It was then set aside for 24 hours, then remilled for 
3 minutes before samples were prepared for curing. Semimicrotesting tech- 
niques were employed in procuring stress-strain flexing and hysteresis data as 
described by Juve and Schroeder’, and Shearer‘. Durometer hardness, per- 
centage Schopper rebound, percentage initial compression, and permanent set 
values were also obtained on the cured stocks. Quality index values were 
calculated by the method suggested by Juve’. 

Percentage of bound styrene.—Fractions 1-9 and a sample of the unfraction- 
ated GR-S samples were each suspended in c.P. benzene for 24 hours, and each 
sample was then coagulated with excess methanol. The coagulated samples 
were allowed to remain in excess methanol for 24 hours, removed, redissolved 
in benzene, and recoagulated with excess methanol. Due to the presence of a 
large amount of fat acid and free soap in Fraction 9, this fraction was extracted 
for 24 hours with distilled water at 50° C before the above methyl alcohol 
purification process. The samples were dried at 60° C in an air-circulating oven 
for 8 hours and then refractive index measurements were made as outlined by 
Madorsky and Wood‘ on Fractions 1-6 and on the GR-S sample. Due to the 
low molecular weights of Fractions 7, 8, and 9, refractive index measurements 
were made by the usual method employed for liquids. 
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CHARACTERIZATION OF FRACTIONS AND UNFRACTIONATED GR-S 


Sol-gel properties.—Sol-gel properties of the large-scale GR-S fractions and 
the unfractionated GR-S sample were determined on samples protected with 
1 per cent of phenyl-8-naphthylamine as the antioxidant, and which had been 
dried under reduced pressure in the dark at 25°C. The data are listed in 
Table I. 










TABLE I 






Sot-GEL PROPERTIES AND PuysicAL APPEARANCE OF GR-S FRactTIONsS 
Per- 
centage Swelling 
Fraction — gel index I[n]o Physical appearance 
1 83 261 6.57 An extremely tough rubber resembling vulcanized 
rubber. xcellent films. 
2 69 137 3.85 Similar to Fraction 1 (but not as tough), and short. 
3 0 —- 2.86 Not as tough or as short as Fraction 2. When 
elongated, some fine, dry threads or legs ap- 


peared. 

4 3 — 1.68 A much softer rubber than Fraction 3. It was too 
soft to have —— elongation, and the 
rubber, when pulled apart, yielded many fine, 
dry legs, which disintegrated into a powder. In 
texture this fraction resembled a_ processed 
cheese. 

5 0 1.07 A softer rubber than Fraction 4. It was not 
sticky at room temperature and was too soft to 
have appreciable elongation. When the rubber 
was pulled apart, it yielded a few dry legs which 
were described for Fraction 4. 

6 0 0.90 A softer rubber than Fraction 5. At room tem- 
perature, it was slightly sticky and at 30-33° C 
it was very sticky. 






















7 0 -~ 0.54 Much softer than Fraction 6. It was very sticky 
at room temperature. 
8 0 — 0.30 Much softer than Fraction 7. It was very sticky, 





and was similar to molasses with respect to vis- 
cosity. At 30° C, it flowed like a heavy oil. 

i) 0 — 0.08 At 20° C, the sample did not appear to be so fluid 
as Fraction 8; this was due to the large amount 
of fat acid in this fraction. However, on warm- 
ing to 35-40° C, this sample was less viscous 
than Fraction 8. 





The sol-gel data indicate that the higher molecular fractions, obtained from 
the initially totally soluble butadiene-styrene copolymer, undergo considerable 
gelation, even when dried at reasonably low temperatures in the presence of an 
antioxidant. 

In view of the interest in high molecular copolymers, these data are inter- 
esting, for they indicate the ease of gelation or cross-linking of high molecular 
copolymer chains. It is to be logically expected that these high molecular 
units would be more sensitive to the higher temperature processing conditions 
normally employed in the rubber industry. 

On the other hand, the lower molecular fractions are comparatively un- 
changed by high temperature and milling effects in that little changes are in- 
curred under these conditions in sol-gel properties (which we have found to be 
the most sensitive measurement of structural changes in copolymers). 

Since a network structure essentially can be characterized by the average 
molecular weight (molecular-weight distribution) between points of cross- 
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linking, it is to be expected that these hig:. molecular fractions would have 
sol-gel and swelling index relationships different from thoge encountered in un- 
fractionated rubber. The experimental data show that the higher the molecular 
weight of a fraction (as indicated by the [n]o of the benzene-soluble portions) 
the greater the gel content of the dried fraction. For the given percentages of 
gel contents of Fractions 1 and 2, unusually high swelling indices were ob- 
tained, indicating that the average distance or average molecular weight be- 
tween points of effective cross-linking in the three-dimensional gel structure 
was greater than that normally encountered in the past in unfractionated 
butadiene-styrene copolymers of similar gel contents. 

Nine fractions of GR-S were obtained, each comprising approximately 11 
per cent by weight of the original copolymer, which ranged in appearance from 
a very tough rubber to a liquid at approximately room temperature. Table I 
describes the physical characteristics of these fractions. 

Limiting intrinsic viscosities—Solutions of high polymers, particularly the 
high-molecular fractions, which are somewhat homogeneous with respect to 
molecular weight, characteristically behave in a nonideal manner. Accord- 
ingly, to obtain the most reliable data, one finds that various measurements 
made on these high polymer solutions, such as osmotic pressure and intrinsic 
viscosities, must be corrected for the concentration effect by suitable extrapola- 
tions to zero concentration. 

A plot of intrinsic viscosity, as calculated from the expression am (6/40) vi) v8. 
concentration, is made in Figure 2; the resultant limiting intrinsic viscosity 
values are also indicated. These values decrease from Fraction 1 through 
Fraction 9, indicating that the fractionation procedure employed was effective 
in separating fractions on the basis of molecular weight differences. 

Over the concentration ranges studied, the data indicate in general that the 
intrinsic viscosity values vary as a straight line function of the concentration 
terms for the fractions examined. However, the negative slope of the straight 


line plot of In ite vs. concentration increases as the molecular weight of the 
fraction increases, demonstrating the greater dependence of the [7] values of 
the higher molecular fractions on the concentration variable. The [7] values 
of the lower molecular fractions are not affected measurably by a reasonably 
large change in concentration. 

Number-average molecular weights ——By using the new precision osmometers 
and the undried regenerated cellulose film (treated: with NaOH-acetone) as 
semipermeable membranes, the osmotic pressure equilibrium values were ob- 
tained at 25.000° + 0.0005° C for 3 different concentrations of a given polymer 
solution. Equilibrium values measured as centimeters of benzene at 25.00° C 
were usually obtained in 50 hours, and were approached from both sides, as 
indicated in Figure 1. 

The number-average molecular weights (M .) were calculated by the familiar 
equation of van’t Hoff which is expressed for ideal solutions as: 


_ RT 
(17/C) +0 
where M is molecular weight, R is gas content, 7’ is absolute temperature en- 


ployed, 7 is osmotic pressure in atmospheres’, and c is concentration of solution 
in grams per 100 cc. of solution. 














have 
) un- 
sular 
ons) 
es of 
: ob- 
> be- 
‘ture 
ated 


y ll 
from 
ble I 


’ the 
t to 
‘ord- 
ents 
insic 
00la- 


) v8. 
sity 
ough 
ctive 


t the 
ition 
Light 


f the 


es of 
alues 
ably 


eters 
2) as 
> ob- 
ymer 
10° C 
S, as 


viliar 


 em- 
ition 





PROPERTIES OF DIFFERENT FRACTIONS OF GR-S 


70 





60} 


(7) 



































20}- 
Se ae 4 
§ —r- 
7, ass, = ——f = 
Se 
Z 6 
Qe A Dee " 7 © 
‘ ” a o 8 o 
7. a LY 9 
fe) cry a Hee! Se ee RT A Geer cI eo 
ie) 0.2 0.4 0.6 08 


CONCENTRATION, g./100 mi. of solution 


Fic. 2.—Intrinsic viscosities xs. concentration of GR-S fractions. 
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The above equation can be simplified to give the following equation when 
benzene at 25.00° C was employed as the solvent: 


where A = (h/c)os4o and K = 2.89 X 10°. 


M = K/A 


For each fraction studied, a plot of 


h/c versus ¢ gave essentially straight lines over the concentration range ex- 
amined. By extrapolation to zero concentration, the limiting osmotic pres- 
sure values were obtained and, using these values, the number-average molecu- 
lar weight was calculated as shown in Table II. 


TABLE II 


NuMBER-AVERAGE MOLECULAR WEIGHTs oF GR-S Fractions 


Fraction Ino 
1 6.57 

2 3.85 

3 2.86 

4 1.68 

5 1.07 

6 0.90 

7 0.54 

8 0.30 

9 0.08 
X-55 2.36 


(h/c)e—o 


0.175 
0.40 


Ne 
l PNEN™S 
Et oes 


~ 
° 


Mn 
1,652,000 
723,900 
482,000 
193,000 
103,400 
65,800 
23,600 
12,400 


96,500 


M1 


0.454 
0.348 
0.348 
0.336 
0.306 
0.352 
0.377 
0.358 


0.394 


Weight 
(g.) 
210.72 
214.67 
180.76 
150.50 
166.90 
157.80 
119.00 
172.25 
127.40 


Weight 
(%) 
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It is evident from the data in Figure 3 that the reduced osmotic pressure 
values increase markedly with concentration and that this relationship may 
be conveniently represented by the equation: 


a/c =A+ Be 


where the intercept on the y axis is given by A and the slope of the line by B. 
This linear relationship between 2/c and c has been deduced on theoretical 
grounds by Flory® and Huggins’®. 

Huggins’ equation is expressed as follows: 


RT  RTd 
“> M.d2 





= (§ — mie 

c 

where 7 is the osmotic pressure in atmospheres, c the concentration of solute in 
grams per cc. of solution, d; the density of solvent, M, the molecular weight of 
solvent, d. the density of solute, and uw; a constant which gives an approximate 
characterization of a given solute—solvent system at a given temperature. 
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Fic. 3.—Reduced osmotic pressure vs. concentration of GR-S fractions. 
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By use of the above equation, the yw; values were calculated from the slopes 
of the reduced osmotic pressure plots presented in Figure 3, and were found to 
be essentially independent of molecular weight through the range 12,400 to 
724,000. For Fractions 2-8 the values were found to be approximately 0.35; 
however, a slightly larger u: value was obtained for the highest molecular 
fraction which had a number average molecular weight of 1,650,000. In view 
of the styrene content of each fraction (discussed elsewhere in this paper) 
there is not sufficient evidence to attribute the differences found in yu; values to 
structural changes. 

Osmotic pressure measurements on the highest molecular fraction were 
made with difficulty, and the data obtained on this fraction were subject to the 
largest percentage errors. 

It is evident from the number-average molecular weight values listed for 
each fraction in Table II that a large molecular-weight range was covered, as 
represented by nine fractions. For this reason there is still some molecular 
weight heterogeneity in these fractions, particularly those on the high molecular- 
weight end. The relationships between weight, intrinsic viscosity, and num- 
ber-average molecular weights are given, respectively, by the expressions 


described by Flory!: 
= DL NiM?/UNiM; 
M, = (> NiM#*/>—NiM;]! 
M, = DL NiMi/UN; 


where N,; is the number of molecules of molecular weight M; and a is the ex- 
ponent in the equation [7] = KM,°. 

By use of a log-log plot of the []o values of each fraction vs. the corre- 
sponding number-average molecular weight, a linear plot was obtained through 
the molecular weight range from 12,400 to 1,650,000. Then, employing the 
method of least squares for the most reliable osmotic pressure values (Frac- 
tions 2-7), the best straight line was determined for these points to be repre- 
sented by the equation: 

log M = 4.95 + 1.51 log [n Jo 


[nJo = KM? 


where K = 5.4 X 10-4 and a = 0.66. The above equation represents a very 
close check on the equation recently published by French and Ewart for GR-S 
fractions’, 


or: 


EFFECT OF M, ON PHYSICAL PROPERTIES OF GR-S FRACTIONS 

The most interesting problem was to determine the effect of the number 
average molecular weight of the unmilled fractions on the compounded physical 
properties of the fractions of GR-S. 

By the use of the Santocure tread-type recipe previously described, 58 
grams of each fraction (1-7) were compounded on a cold 4 X 9-inch mill. 
Fractions 8 and 9 were too liquid in nature to be compounded in the normal 
fashion on the mill, and were therefore compounded by the use of a hand 
homogenizer. Employing benzene as the dispersion medium, stearic acid, 
carbon black, zine oxide, Santocure, and sulfur (in the order named) were 
dispersed in benzene, using the homogenizer. To this benzene dispersion of 
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compounding ingredients was added a benzene solution of the given fraction, 
and the resultant mixture was passed through the homogenizer many times. 
Benzene was permitted to evaporate at room temperature and the residual 
solvent was removed at reduced pressure at 25°C. When the fraction was 
free from solvent, it was mixed on a cold mill for ten minutes and removed. 
Evidence was obtained which indicated that excellent dispersions of carbon 
black were obtained for Fractions 8 and 9. 

Preliminary testing was performed, covering three different sulfur ratios 
and five curing times at 280° F for each sulfur ratio employed, so as to de- 
termine the optimum curing time and sulfur ratio for each fraction. Optimum 
sulfur ratio was arbitrarily defined as that percentage of sulfur which would 
give a properly cured stock having a 300 per cent modulus value of 1000 lbs. 
per sq. in. This was done in this manner so as to obtain valid comparisons of 
the flex-life ratings of each of the fractions. Stress—strain data were obtained 
on a Scott machine for each sulfur ratio and curing time studied at every 100 
per cent increment of elongation, using the automatic spark recorder described 
by Shearer‘. 

The effect of varying curing times on the stress-strain data obtained for a 
given sulfur ratio on Fraction 1 is demonstrated in Figure 4. Similar data were 
obtained for Fractions 2-6. 
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Fsa. 4.—Stress-strain properties of Fraction 1 cured with 1.75 parts of sulfur per 100 parts of rubber. 
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The stress-strain data at break and the 300 per cent modulus values are 
listed in Table III. Corresponding plots of these physical properties of Frac- 
tions 1-7 vs. curing time indicated that curing for 75 minutes gave optimum 
physical properties for a given sulfur ratio. 

When 1.75 parts sulfur per hundred parts of rubber (PHR) was used, 
only Fractions 1-6 were vulcanizable; and only these fractions contributed 
measurably to the physical properties of the vulcanized, unfractionated GR-S 
cured in a standard recipe employing 1.75 parts of sulfur. Fraction 7 had a 
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Fia. 5.—Stress-strain properties versus Mx for Fractions 1-6 cured 75 minutes with 1.75 parts of sulfur. 


maximum tensile at break of 210 lbs. per sq. in., with a corresponding elonga- 
tion of 167 per cent, and Fractions 8 and 9 were not vulcanizable with 1.75 
parts of sulfur. No cures were obtained on Fraction 9 compounded with 15 
and 40 parts of sulfur. A cure was obtained for Fraction 8 with 12.00 parts of 
sulfur, with resulting tensile strength of 1230 lbs. per sq. in. and an elongation 
of 140 per cent for a curing time of 45 minutes at 280° F. 

A plot was made in Figure 5 of the tensile and elongation values at break 
and the 300 per cent modulus values vs, the number-average molecular weights 








506 RUBBER CHEMISTRY AND TECHNOLOGY 


TABLE III 


Errect or Curtnc TIME AND SULFUR RATIO ON THE STRESS-STRAIN 
PROPERTIES OF VULCANIZATES OF GR-S Fractions aT 280° F* 


Fraction No. 1 








Elonga- Elonga- Elonga- 
300% Tensile tion 300% Tensile tion 300% Tensile tion 
Curing modulus strength (%) modulus strength (%) modulus strength (%) 
time a A ‘ ¢c A ™, ¢ A ~ 
(minutes) Sulfur 0.75 Sulfur 1.00 Sulfur 1.75 


30 300 400 694 290 1300 740 520 2670 753 
45 500 2800 814 450 2540 834 880 4830 687 
60 530 3210 780 750 3810 720 1210 5090 566 
75 530 3440 807 760 4400 720 1420 4980 566 
150 640 3730 727 820 4060 654 1470 5070 498 


Fraction No. 2 


Minutes Sulfur 1.0 Sulfur 1.2 Sulfur 1.75 


30 250 700 720 380 2080 760 690 3780 780 
45 380 1480 767 780 4180 714 900 4420 807 
60 520 2770 773 860 4000 674 980 4300 600 
75 590 3150 813 890 4060 674 1240 4600 594 
150 650 3260 753 980 4100 633 1260 4400 540 


Fraction No. 3 


Minutes Sulfur 1.0 Sulfur 1.4 Sulfur 1.75 
30 270 580 673 610 3350 800 650 4080 760 
45 550 3970 814 1070 4870 707 1180 5080 626 


60 690 4210 753 1090 5300 660 1500 4980 534 
75 720 4440 747 1020 4820 613 1400 5180 580 
150 800 4280 700 1180 5200 620 1480 5080 540 


Fraction No. 4 


Minutes Sulfur 1.5 Sulfur 1.75 Sulfur 2.0 


30 600 3300 833 410 2220 774 610 3870 734 
45 600 3410 814 780 3980 726 1080 4720 674 
60 940 3960 740 980 4200 680 1230 4950 607 
75 910 4310 694 1210 4280 614 1300 4820 580 
150 980 4400 654 1200 4220 567 1420 4600 520 


Fraction No. 5 
Minutes Sulfur 1.75 Sulfur 2.25 Sulfur 2.75 


30 500 1850 727 750 3400 754 720 3200 713 
45 790 3500 740 1170 3940 654 1240 4150 620 
60 890 3780 726 1200 3340 520 1400 4180 567 
75 910 3800 694 1340 3610 574 1550 4450 520 
150 960 3660 668 1400 3650 533 1600 3280 387 


Fraction No. 6 


Minutes Sulfur 1.75 Sulfur 2.5 Sulfur 3.0 


30 480 1020 507 700 2280 661 810 2540 607 
45 780 1980 567 1210 3320 567 1280 1980 400 
60 880 2680 687 1320 3680 594 1550 3200 473 
75 1040 2580 567 1500 3500 507 1670 3130 440 
150 900 2850 620 1410 2980 480 1860 2700 360 
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Fraction No. 7 


Minutes Sulfur 1.75 Sulfur 3.0 Sulfur 6.0 
30 No cure — 340 207 — 1160 274 
45 140 127 — 720 274 a 1710 274 
60 100 107 — 980 300 — 1700 220 
75 210 167 — 980 267 _ 1950 267 
150 120 153 _ 1000 259 —- 1940 214 


Fraction No. 8 


Minutes Sulfur 1.75 Sulfur 12.0 


30 No cure No cure 
45 No cure a 1230 140 
60 No cure _ 1070 114 
75 No cure --- 1250 114 
150 No cure 1290 120 
Fraction No. 9 

Minutes Sulfur 15.0 Sulfur 40.0 
30 No cure No cure 
45 No cure No cure 
60 No cure No cure 
75 No cure No cure 


150 No cure No cure 


Unfractionated GR-S (X-55) 


Minutes Sulfur 1.75 
30 300 2400 940 
45 580 3210 807 


60 760 3580 734 
75 880 3600 668 
150 940 3840 661 


*In this tabulation 300 per cent modulus and tensile strength values are expressed as pounds per 
square inch; the values for sulfur represent parts per hundred parts by weight of rubber. 


of the unmilled fractions. These fractions were cured for 75 minutes with 
1.75 parts of sulfur in the tread-type recipe. These data illustrate graphically 
that the tensile strength increased linearly with increasing molecular weight, 
and tended to reach a limiting value when the number-average molecular 
weight of about 400,000 was reached. Fractions 1-5 had tensile strengths 
higher than that (3660) obtained on the unfractionated GR-S sample. Like- 
wise, the percentage elongation at break increased linearly until a M, of ap- 
proximately 200,000 was reached. The first six fractions had elongations at 
break ranging from 560 to 690 per cent, compared to the value of 660 per cent 
for the unfractionated GR-S. The 300 per cent modulus values increased in a 
similar manner and reached a limiting value of 1350 at a M, of approximately 
500,000. The modulus values of the first six fractions were higher than that 
(880) obtained for GR-S. 

A plot of the optimum stress-strain data (tensile strength, elongation, and 
300 per cent modulus) vs. parts sulfur for the indicated optimum curing time 
of 75 minutes demonstrated the sulfur ratios that should be used to obtain 
vulcanized stocks having 300 per cent modulus values of 1000 lbs. per sq. in. 
As indicated in Figure 6 the parts of sulfur required to give these stocks in- 
creased as the molecular weight of the uncompounded rubber decreased. 
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A plot made of the maximum tensile strength in the range of sulfur values 
employed demonstrated that higher tensile strengths were obtained for Frac- 
tions 6 through 1 than that obtained on the GR-S sample. Here, also, the 
tensile strengths tended to reach a limiting value after a M,, of about 400,000 
was reached. The percentage elongation at break remained reasonably con- 
stant at approximately 600 for fractions with M, above 200,000 and the corre- 
sponding 300 per cent modulus values were all above 1200 lbs. per sq. in. 
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Fia. 6.—Stress-strain properties versus M» for optimum sulfur ratios, using Fractions 1-6, 


Additional quantities of the fractions were compounded by the compound- 
ing technique previously described and using the indicated optimum sulfur 
ratios. Cured physical test data, such as stress-strain, flex-life ratings, hys- 
teresis, percentage Schopper rebound, percentage initial compression, Durom- 
eter hardness, and percentage permanent set, were obtained for Fractions 1-7 
and also for the unfractionated GR-S sample. These data are summarized 
in Table IV. 

The first six fractions comprising 72 per cent by weight of the original 
butadiene-styrene copolymer were cured to 300 per cent modulus values of 
1000 + 50 lbs. per sq. in. and had tensile strengths and elongations at break 








PHYSICAL PROPERTIES OF VULCANIZATES OF GR-S (X-55) FRACTIONS IN THE SANTOCURE RECIPE 
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equal to, or greater than, that obtained on the unfractionated sample. These 
data indicate that Fractions 7, 8, and 9 must have had an adverse effect on the 
above-mentioned stress-strain properties of this copolymer. 

Quality index values (a balance between Goodrich hysteresis and crack 
growth ratings) have been recently suggested by Juve’ to be a useful indication 
of the tire tread performance. If the quality indices obtained at the two cures 
employed are averaged, the higher molecular fractions (1-4, which comprised 
50 per cent of the unfractionated sample) had quality indices superior to that 
obtained for the unfractionated copolymer. 

Quality index values were not obtained for Fractions 5-7, for the hysteresis 
pellets blew out before completion of the tests. Starting with Fraction 5, as 
the molecular weight of the fractions decreased, the blow-out time decreased. 
This occurred regardless of the fact that these fractions were cured to equivalent 
300 per cent modulus values. If high Goodrich hysteresis values are related 
in some measure to poor tire tread performance, it is readily seen that the 
presence of these low molecular-weight vulcanizable fractions would have an 
adverse effect on tread quality. 

Due to the lower molecular weights and to the larger proportions of sulfur 
required to cross-link effectively these molecules to give vulcanizates having 
300 per cent modulus values of 1000 lbs. per sq. in., a more rigid network struc- 
ture results with low molecular weights between points of cross-linking. These 
more rigid structures should have greater Durometer hardness values, and the 
data show that at equivalent 300 per cent modulus values the Durometer hard- 
ness values increased as the molecular weight decreased. This behavior is 
orthodox in view of the more rigid network obtained. 

Similarly, for equivalent 300 per cent modulus values, the percentage 
Schopper rebound decreased as the molecular weight decreased. The values 
obtained for the first five fractions comprising 62 per cent of the original sample 
were much higher than that observed for the unfractionated GR-S specimen, 
and some of these were in the range obtained for natural rubber samples. 
Varying the curing time from 75 to 150 minutes did not have a measurable 
effect on the percentage rebound values of Fractions 4-7. 

Qualitatively, the initial compression values on Fractions 1-7 were the 
same, and lower than the values obtained for the GR-S sample. This is at- 
tributed to the presence of a larger proportion of low molecular material in the 
unfractionated sample, namely, Fractions 8 and 9, with respective M,, values 
of 12,000 and 4000, and comprising 20 per cent of the unfractionated sample. 


SOL-GEL PROPERTIES OF GR-S FRACTION BEFORE 
ADDITION OF CARBON BLACK 


Experimental data thus far presented have indicated that the stress-strain 
and quality index values for the fractions which were cured to similar modulus 
values improved as M, increased and tended to level off when M, values of 
approximately 400,000 were reached for the raw copolymer fraction. It is 
evident that the molecular weight and the molecular-weight distribution of the 
fraction at the time of vulcanization is really the important factor which in- 
fluences various physical properties of the vulcanizates of these fractions. 
Accordingly, a few experiments were conducted to determine the sol-gel 
properties of the fractions before the addition and subsequent dispersion of 
carbon black during the customary milling operations. These data are pre- 
sented in Table V. 
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TABLE V 


So. -GEL PROPERTIES OF FRACTIONS OF GR-S (X-55) BErore 
ADDITION OF CARBON BLACK 


: Gel Swelling Calculated 
Fraction (%) index [nlo Ma 


4 2.24 303,000 
4 1.95 246,000 

10 1.92 240,000 

2 1.61 184,000 

1 ka 1.16 112,000 

0 ed 0.90 75,000 

0 0.54 35,000 

X-55 0 1.52 167,000 


Cold milling of Fractions 1 and 2 rendered them gel-free in a short time. 
As the molecular weight of the original fraction increased, cold milling brought 
about greater percentage reduction in molecular weights, as indicated by [7 ]o 
measurements. For example, the unmilled Fractions 1 and 4 had molecular 
weights, respectively, of 1,650,000 and 193,000 for the_sol portions, whereas 
just before the addition of carbon black the calculated M, values for the frac- 
tions were, respectively, 303,000 and 184,000. Minor changes were observed 
for the lower molecular fractions. The sol-gel conditions before the addition 
of carbon black in the milling operation gave a better approximation to the 
sol-gel picture in the fractions at the time of vulcanization. 

The smaller difference in calculated M,, of the first four fractions tends to 
explain the previously mentioned behavior of stress-strain properties as a 
function of My. 

In Figure 7 stress-strain data are plotted against the calculated number- 
average molecular weight of the milled fractions for Fractions 1-6, which were 
cured in a Santocure recipe using optimum sulfur ratios. As M, increases, 
percentage elongations at break level off at a M, value of about 200,000, and 
the tensile strength values tend to increase less rapidly when a M, value of ap- 
proximately 300,000 is reached. 

Using the calculated molecular weight values listed in Table V for the 
milled fractions, a linear plot was obtained when 1/M was plotted vs. tensile 
values. 


EFFECT OF NUMBER-AVERAGE AND WEIGHT-AVERAGE CONTRIBUTIONS 
TO THE PHYSICAL PROPERTIES OF GR-S 


In the expressions: 
Y = DD wixX; Z= nx 


where X; = physical property of fraction, w; = weight percentage of fraction, 
n; = number percentage of fraction, Y and Z, respectively, represent a given 
physical property of a heterogeneous sample, such as tensile strength, elonga- 
tion, ete., that has been obtained by weight averaging or number averaging the 
corresponding physical property values obtained for the components of the 
sample. 

Stress-strain properties, which have been obtained by weight and number 
averaging as described above, are listed in Table VI for the fractions which had 
been cured 75 minutes, using a Santocure tread-type recipe with 1.75 parts of 
sulfur. Fractions 7, 8, and 9 were considered to be essentially nonvulcanizable 
under the conditions, and should be expected to act essentially as a diluent in 
the unfractionated GR-S sample. 
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As indicated in Table VI, the best checks on the stress-strain properties ob- 
tained for the unfractionated GR-S sample were obtained by number-averaging 
the stress-strain properties of the first six fractions (unmilled), which are 
considered to be incorporated in the cross-linked network. The next best ( 





checks on these stress-strain properties were obtained by number-averaging bour 

the stress-strain properties of milled Fractions 1-6. rn te 

ain 

TaBLE VI man 

WEIGHT-AVERAGE AND NUMBER-AVERAGE CONTRIBUTIONS TO PHYSICAL ( 

Prorertigs oF GR-S styre 

Tensile 300% Tensile 300% and 

: strength Elongation modulus strength Elongation _onee dode 

Fractions (ZwiTi) (Zwiki) (2wiMi) (2niTi) (niki) (=niMi) to fir 
employed (ibs. per sq. in.) Pe carn AN (lbs. per sq. ‘taisOie. per sq. in.) (percentage) (lbs. per sq. in.) h 

1-6 4309 601 1218 3514 613 1070 the « 

1-92 3109 434 887 209 37 64 conv 

1-6° 4309 601 1218 3875 606 1139 expe 

GR-S 3600 668 880 3600 668 880 smal 

cont 


@ Mol. wt. of unmilled fraction was used. 
> Mol. wt. of milled fraction, before addition of carbon black, was used. of m 
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If weight-averaging and number-averaging are performed on the nine 
fractions, with zero contributions assigned to Fractions 7, 8, and 9, the tensile 
strength and elongation data and 300 per cent modulus value obtained by 
weight-averaging check reasonably closely with the values obtained on the 
unfractionated GR-S sample. 


PERCENTAGE SHRINKAGE OF COMPOUNDED GR-S FRACTIONS 


Compounded stocks (of the fractions and of GR-S, Santocure recipe without 
the sulfur) were milled at approximately 20° C, and the initial and the percent- 
age shrinkage values after 10 minutes were measured at room temperature. 
These data are listed in Table VII. 


TaBLe VII 
PERCENTAGE SHRINKAGE OF COMPOUNDED Stocks or GR-S FRAcTIONS 
Initial percentage Percentage shrinkage 
Sample shrinkage after 10 minutes 
X-55 32 52 
Fraction 1 22 42 

2 30 50 

3 26 49 

4 26 48 

5 18 38 

6 11 32 

7 Less than 11¢ Less than 32 

8 Too soft to measure Too soft to measure 

9 Too soft to measure Too soft to measure 


* Excellent film; however, because of its low molecular weight, it elongated under little stress when re- 
moved from the roll. On standing for 10 minutes, no measurable shrinkage occurred. 


Qualitatively, the initial and the percentage shrinkage values after 10 
minutes at room temperature decreased with decrease in molecular weight. 
Processing improved, from the standpoint of ease and rate of pigment incorpora- 
tion and smoothness of film and film edge, as the molecular weight decreased, 
and reached a limiting value of practically no measurable shrinkage for the 
seventh fraction. 


PERCENTAGE STYRENE CONTENT OF GR-S FRACTIONS 


Using the refractive index method of Madorsky and Wood‘, the percentage 
bound styrene values were determined for the fractions and the unfractionated 
copolymer. These data are listed in Table VIII. Excluding the values ob- 
tained for Fraction 9, the percentage bound styrene increased in a qualitative 
manner with increase in the molecular weights of the fractions. 

Considering the fact that the percentage of styrene entering the butadiene- 
styrene copolymer changes (increases appreciably with increasing conversion)", 
and also considering the disappearance of the chain terminator (commercial 
dodecanethiol) and its effect on molecular weight, one might reasonably expect 
to find a regular increase in styrene content with increasing molecular weight of 
the copolymer fractions obtained from a GR-S sample prepared to 75 per cent 
conversion. However, the differences in styrene content encountered in our 
experimental work between the low and the high molecular fractions are rather 
small, which indicates the presence of copolymer molecules with varying styrene 
contents in a given fraction. It would be interesting to obtain further evidence 
of molecular structural heterogeneity in these fractions. 
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TaBLe VIII 
STYRENE ContTEeNT oF GR-S Fractions BY REFRACTIVE INDEX? 


Air-oven drying 
= A. 








‘ 


Sample ngs Styrene content 


X-55 1.5342 23.06 
Fraction 1.5359 25.14 
1.5355 24.65 
1.5357 24.89 
1.5353 24.40% 
1.5341 22.94 
1.5346 23.55 
1.5340 22.82 
1.5335 22.21 
1.5353 24.40 


2A minimum of 2 samples was used to obtain ase, On each sample five readings were taken. All 


readings were then calculated for 25° C, and averaged. The correction for temperature was 0.000034 de- 
crease in reading for each degree centigrade increase. The equation used for determination of styrene 
content was: 

S = 22.94 + 0.122(n25 — 1.5341) X 104 


Sample was dried for fifteen hours at reduced pressure at 25¢ C. 


EFFECT OF M, ON MOONEY VISCOSITY VALUES 


Another problem of interest pertaining to the GR-S fractions was to de- 
termine the relationship between M,, and the Mooney viscosity values for gel- 
free samples. These Mooney values", designated as ML-4-212° F, are those 
which are obtained on the Mooney viscometer, using the large rotor at 4 
minutes at 212° F. Sufficient. quantities of the fractions employed in this 
investigation were not available for this study; however, fractions were avail- 
able which had been obtained from another large-scale fractionation of the 
same GR-S (X-55) sample, and therefore Mooney viscosity values were ob- 
tained on some of these fractions. 

From the experimental data listed in Table IX, it is evident that for the gel- 
free samples having [n]o of 1.37 and 0.80, which corresponds to molecular 
weights of 144,000 and 63,500, ML-4-212° F values of 30 and 5, respectively, 
were obtained. 

The higher molecular samples having appreciable gel contents, and molecu- 
lar weights above 250,000, gave very high Mooney readings with the small 
rotor. Granulation of the sample, which leads to false Mooney values, in- 
creased as a function of the gel content of the fraction. It is unfortunate 
that gelation does occur in these butadiene-styrene copolymers so readily, 
for it would be interesting to obtain the relationship between Mooney viscosity 


TaBLeE IX 
Sot-Ge. PROPERTIES VERSUS MooNEY VALUES OF LARGE-SCALE 
FRACTIONATION OF GR-S (X-55) 
Fractionation No. 1 


Percentage Swelling 
Fraction gel index [n] ML-4-212° F 
2 76 101 4.07 
3 62 102 2.10 
6 0 — 1.37 
7 D+ _— 0.80 


@ ML-4-212° F, caleulated by multiplying small rotor readings by 1.8. 
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and M,, values over a large molecular weight range for gel-free samples, and to 
obtain the contribution of each fraction to the resultant value of the un- 
fractionated GR-S sample. ‘ 


SUMMARY 


A large-scale precise fractionation of GR-S (X-55) was carried out at 25° C, 
using a fractional precipitation technique. Nine fractions, each weighing ap- 
proximately 150 grams and comprising about 11 per cent by weight of the 
original unfractionated sample, were obtained, with number-average molecular 
weights varying from 4000 to 1,650,000. 

High molecular fractions undergo gelation rapidly, even when dried in the 
absence of light at reduced pressure, and the higher the molecular weight of the 
fraction, the greater the amount of gel formed. Compared to unfractionated 
butadiene-styrene copolymers of similar gel contents, the gel portions of the 
higher molecular fractions had unusually high swelling indices, indicating 
qualitatively that the average molecular weights between points of effective 
cross-linking in the three-dimensional gel structure were higher than those 
found in the past in unfractionated samples of similar gel contents. 

Through the concentration range studied, the intrinsic viscosity values 
varied as a straight-line function of the concentration terms for all the fractions. 
However, the negative slopes of these lines increased as the molecular weight of 
the fraction increased, demonstrating the greater dependence of the intrinsic 
viscosity values of the higher molecular fractions on the concentration variable. 

The relationship between number-average molecular weight, as determined 
by osmometric measurements, and limiting intrinsic viscosity of the GR-S 
fractions is given by the equation: [n]o = 5.4 XK 10-4 M°-®, which is similar to 
that obtained by French and Ewart!®. They; values calculated from the equa- 
tion of Huggins were essentially the same (0.35) through the molecular range 
12,400 to 723,000. 

Using 1.75 per cent sulfur (based on the rubber) in a Santocure tread-type 
recipe, only Fractions 1-6 were vulcanizable. The tensile strengths increased 
linearly with increase in molecular weight, and tended to reach a limiting value 
when the number-average molecular weight of about 400,000 (unmilled sample) 
was reached. Likewise the percentage elongation at break increased linearly 
until a M,, value of about 200,000 for the unmilled fraction was reached. The 
first five fractions had higher tensile strengths than the tensile strength of the 
unfractionated GR-S sample. The first six fractions had elongations at break 
ranging from 560 to 690 per cent, compared to the value of 660 per cent for the 
unfractionated sample. The 300 per cent modulus value increased in a similar 
manner with increasing molecular weight (M,), and reached a limiting value of 
1350 lbs. per sq. in. at a M, value of approximately 500,000 for the unmilled 
fraction, 

The parts of sulfur per hundred parts of rubber required to give vulcanizates 
of Fractions 1-7 with 300 per cent modulus values of 1000 lbs. per sq. in. 
increased as an inverse function of molecular weight. 

For equivalent 300 per cent modulus values as the molecular weight in- 
creased, the Goodrich hysteresis and Durometer hardness values decreased 
and the percentage Schopper rebound, tensile strength, elongation at break, 
quality index, and flex rating values tended to increase. Lower initial per- 
centage compression values were obtained for Fractions 1-7, compared to the 
unfractionated GR-S sample. 
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Cold milling brought about greater percentage reductions in molecular 
weights (as indicated by []o measurements) as the molecular weight of the 
unmilled fraction increased. For example, Fractions 1 and 4 had M,, values of 
1,650,000 and 193,000, respectively, for the sol portions, whereas when the 
samples were cold-milled to the time before the addition of carbon black the 
calculated M, values were 330,000 and 184,000, respectively. The latter 
data are considered to give a better approximation of the molecular weights of 
the fractions at the time of vulcanization than the values obtained on the un- 
milled fractions. 

For samples cured 75 minutes at 280° F, using 1.75 per cent sulfur, good 
checks were obtained on the stress-strain properties of unfractionated GR-S 
by a summation of the number-average contributions of the stress-strain 
properties of the first six fractions ranging in M, from 1,650,000 to 65,800. 

As the molecular weight increased, the percentage initial and percentage 
shrinkage values after 10 minutes (at room temperature) of compounded 
milled GR-S fractions increased and processing became poorer. 

For the first eight fractions, the bound styrene content increased slightly as a 
function of increasing molecular weight. GR-S fractions having calculated M, 
values of 144,000 and 63,500 had ML-4-212° F (Mooney viscosity) values of 
30 and 5, respectively. 


SYNOPSIS 


A large-scale precise fractionation of GR-S (X-55) was performed using the 
fractional precipitation technique at 25°C. Nine fractions, each weighing 
approximately 150 grams and comprising approximately 11 per cent by weight 
of the original unfractionated sample, were obtained, and a detailed study was 
made showing the effect of number-average molecular weight and related sol-gel 
properties on various physical and chemical properties of the crude and vul- 
canized fractions. Using a Santocure tread-type recipe, preliminary com- 
pounding work indicated the sulfur ratios required to give vulcanizates with 
300 per cent modulus values of 1000 Ibs. per sq. in. All fractions were recom- 
pounded using these indicated optimum sulfur values. Generally, as the 
number-average molecular weight increased, better stress-strain and quality 
index data were obtained. These and other physical properties of the vul- 
canizates of these fractions are discussed in detail. As found in past fractiona- 
tion studies pertaining to unsaturated high polymers, the higher molecular 
weight fractions, obtained from the unfractionated sample which was totally 
soluble in benzene, undergo considerable gelation when isolated and vacuum 
dried at 25° C in darkness. As the indicated molecular weight of the fraction 
increased, higher percentage gel contents were obtained. Compared to un- 
fractionated butadiene-styrene copolymers of similar gel contents, the gel 
portions of the higher molecular weight fractions had unusually high swelling 
indices, indicating qualitatively that the average molecular weights between 
points of effective cross-linking in the three-dimensional gel structure were 
higher than those encountered in the past in unfractionated samples of similar 
gel contents. Other data are given pertaining to these fractions, such as the 
bound styrene content, percentage shrinkage of the compounded unvulcanized 
stocks, and the rate of gel breakdown on cold milling. 
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PLASTICIZATION OF NATURAL AND SYNTHETIC 
RUBBERS. II. GR-S* 


G. H. Piper anv J. R. Scorr 


RESEARCH ASSOCIATION OF British RuBBER MANUFACTURERS, CROYON, ENGLAND 


INTRODUCTION 


The work described here is a continuation, devoted to GR-S, of that already 
reported', and was designed to show the effects of each of the factors involved 
in normal plasticizing treatments, viz., heat, oxidation, mechanical working, 
addition of softener or of peptizing agent, on the plastic characteristics—soft- 
ness, form of stress-flow relation, and elastic recovery—of the GR-S. The 
data so obtained will help in producing plasticized GR-S having the most suit- 
able rheological characteristics for particular factory processes. The im- 
portance of thus being able to control these characteristics according to the 
process in view has been discussed elsewhere’, and only a few typical cases 
need be quoted in illustration: (1) for extrusion or calendering, the stock should 
have a low recovery so that extruded material shall be smooth and have as 
nearly as possible the dimensions of the die, and calendered sheet a thickness 
equal to the calender nip width as well as freedom from curling at the edges; 
(2) for tubed articles, a stock possessing a high effective viscosity at low stresses 
or else a yield value (stress below which flow is negligible) helps to prevent their 
deforming under their own weight especially during open-steam vulcanization; 
(3) a soft stock is advantageous where processing involves very rapid deforma- 
tion (as in some cable-covering extruders) to avoid excessive heat generation 
and scorching; (4) a rubber which, like GR-S, shows highly anomalous flow, 
i.e., rate of deformation increasing much more than proportionately to the 
deforming force, deforms mainly near the walls of an orifice through which it is 
extruded, and the resultant stresses set up in the outer layers may well be the 
cause of tearing in extruded GR-S stocks; similarly, in extruding a section 
having thick and thin portions, stresses result from the big difference in extru- 
sion rate between these portions, again leading to tearing. 

Owing to the necessity, during the war period when the work was under- 
taken, of obtaining quickly some fundamental ideas on plasticization of GR-S, 
the work could not be carried out with the thoroughness that could have been 
desired, and for this reason no extensive theoretical interpretation of the ob- 
served effects has been attempted at this stage. The results are, however, of 
direct practical interest and form a useful basis for further work on the im- 
portant subject of plasticization of rubbers in general. 


EXPERIMENTAL 


TREATMENTS INVESTIGATED 


The plasticizing and other treatments investigated are summarized in 
Table 1. The peptizing agents selected for Treatment 3 have already been 
recommended’. In Treatments 2 and 3, using Batch CC, readings of the cur- 


* Reprinted from the Journal of Rubber Research, Vol. 17, No. 9, pages 135-144, September 1948. 
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TABLE 1 
SUMMARY OF TREATMENTS INVESTIGATED 
GR-S Batch GR-S Batch 
. B CC 
; Details of GR-S used 
Date of recipe and type July, 1943; not known Dec., 1943; CC.4 
Benzene solubility at 35° C 46-56% 100% 
Weight of gel§ per gram 30-35 grams 0.5 gram 
Plastometer thickness (5 min. 2.8-3.1 mm. 2.15 min. 
compression) 
Treatments 
1. Cold milling; cold water passing 
through rolls 
ady Mill* I I 
ved Weight of batch 200 grams 220 grams 
ing Temperature of GR-S 34° C after 20 min. 27° C after 10 min. 
oft. Periods** 10, 20, 40, 80 min. 10, 20, 70 min. 
4 2. Hot milling; steam passing through 
The rolls 
uit- Mill I II 
im- Weight of batch 200 grams 220 grams 
the Initial roll temperature 83° C 113° C 
Batch temperature 102°-107° C 113°-116° C 
ses Periods 10, 20, 40, 80 min. 10, 20, 68 min. 
yuld 3. Hot milling with peptizing agent; 
> as B.P.H. = benzaldehyde-phe- 
vane nylhydrazone; I.N. = iron 
sii naphthenate 
zes; Mill II II 
sses Weight of batch 200 grams 220 grams 
heir Initial roll temperature 113° C 111°-113° C 
ie Batch temperature 116°-117° C (a) & (c) 112°-116° C 
ion; (b) 106°-112° C 
ma- Peptizing agent 1% B.P.H. (a) 1% B.P.H. 
Lion (ob) 5% I.N. 
low, (c) 2% I.N. +0.5% 
the ; BPH. | 
igs Periods 10, 20, 30, 40, 43 min. 10, 20, 65 min. 
it Is 1, Cold mastication in internal mixer}; 
the water-cooled 
tion Weight of batch 500 grams — 
lee, Final batch temperature about 70° C_ — 
Periods 5, 10, 20, 60 min. — 
5. Hot mastication in internal mizer; 
der- steam at 100° C passed through 
R-S, rotor 
aon Weight of batch 500 grams 
o Batch temperature probably 130° C 
ob- Periods 5, 10, 20, 60 min. 
, of 6. Heating in vacuot 4 hr. at 150° C 
im- 7. High-pressure oxidationt 
Oxygen pressure 60 Ib. per sq. in. 
Temperature 70° C - 
Periods 1, 3, 6, 12 days — 
8. Thermal oxidative softeningt 
Oxygen pressure 15 Ib. per sq. in. — 
Temperature 125° C — 
1 in Periods 1, 2, 4 hours “= 
9. Softenert 
een ercentage of oil calculated on 5.9, 10.3, 31.5% — 
cur- total mixture 
. ; Nores.—* Mill I: 6 X 12-in. rolls; surface speeds 37.5 and 55 ft. per min. ; friction ratio 1.46; nip 0.03 
in.; distance between guides 5} in. Mill IT: rolls 6 X 12 in. and 7.2 X 12 in.; surface speeds both 44 ft. 
per min. ; friction ratio 1.00; nip 0.03 in.; distance between guides 5 in. ** A small portion was removed 
for test after each period. + Size B Bridge-Banbury. { See text for details of procedure. {| Made by 
heme | Mag no Rubber Co., Institute, W. Virginia. § Weight refers to benzene-swollen gel remaining from 
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rent consumption by the mill motor showed no significant differences between 
batches with and without peptizing agent. 

For the heating in vacuo (Treatment 6), plasticity test-cylinders, 11 mm. 
diameter by 11 mm. high, were heated in a high vacuum. During the heating 
drops of liquid condensed on the cooler parts of the vessel; these were ap- 
parently fat acid volatilized from the GR-S. As this loss might affect the 
plasticity, similar experiments were made with acetone-extracted GR-S. 

For high-pressure oxidation (Treatment 7), the GR-S was sheeted 2 mm. thick 
and subjected to oxygen at a moderate temperature in the oxygen bomb. 
Three days’ oxidation gave appreciable tackiness, and six days a very tacky 
product. In contrast, acetone-extracted (and hence antioxidant-free) GR-S 
gave a friable, leathery, nonthermoplastic product, with little elasticity. 

The thermal oxidative softening (Treatment 8) was based on the German 
procedure for Buna-S, using air at 4-44 atm. To obtain a similar oxygen con- 
centration without using pressure, the GR-S, sheeted 2 mm. thick, was heated 
in circulating oxygen at atmospheric pressure; one hour’s treatment gave a very 
soft tacky product, but after four hours, although still soft, it was no longer 
tacky. 

For incorporation of softener (Treatment 9), the GR-S was passed twice 
between warm tightly closed rolls to form a sheet. Weighed pieces of this 
were soaked in mineral (spindle) oil for various periods, and then, together with 
an untreated blank, kept for 24 hours at room temperature and four hours at 
40° C, and finally reweighed. 


MEASUREMENT OF PLASTICITY, RECOVERY, AND SOLUBILITY AND 
SWELLING IN BENZENE 


Plasticity by shearing-cone plastometer‘—With this instrument it is possible 
to measure, during any desired period of time, the shear stress in rubber 
subjected to any of the following constant shear rates: 0.01, 0.1, 1.0, 10 re- 
ciprocal seconds (7.e., 0.012, 0.12, 1.2, and 12 r.p.m. of the rotor). Tests were 
made at 90° C. With milled GR-S a difficulty arises from the variation of the 
shear stress with time, the initially high value falling rapidly during the first 
few seconds and then more slowly but apparently never becoming constant. 
If, after a period of rest, the GR-S is sheared a second time, the stress is found 
to have increased again by an amount depending on the rest period, but the 
initial high value is not regained. Raw GR-S and GR-S plasticized by means 
other than milling do not show this behavior, and the stress in some cases 
increases slightly with time. 

Owing to this dependence on time, the following procedure was adopted: 
the GR-S is sheared at rotor speeds of 1.2, 0.012, 0.12 and 12 r.p.m. successively, 
for periods of 10, 4, 4, and 1 minutes, respectively, the shear stress being 
measured at the end of each period. 

In many cases the shear rate and shear stress could be related by a simple 
power law: 


rate of shear = (F/c)" (1) 


where F = shear stress, c = consistency, n = a positive numerical constant. 
(The practical significance of n has been fully discussed'.) Sometimes, how- 
ever, there were signs of a yield value, as exemplified in the graph for 70 minutes’ 
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hot mastication in Figure 6, which shows a selection of the observed stress/ 
shear-rate relationships plotted on logarithmic scales. 

Plasticity by parallel-plate (Williams) plastometer—Tests were made at 
90° C, using 1-cc. cylindrical specimens (11 by 11 mm.) and a 5-kg. load, read- 
ings being taken at short intervals up to 30 minutes’ compression. The 
stress/shear-rate relation was deduced from these readings by the method of 
Scott®, and in many cases Equation (1) was obeyed over the range of shear 
rates studied. The values of n so obtained were not always identical with those 
obtained more directly by the shearing-cone plastometer. This may be be- 
cause the power law, Equation (1), holds only over a limited stress range (as 
later work® indicates) and the parallel-plate plastometer works at lower shear 
rates than the shearing-cone plastometer. The values of n used in the figures 
and discussion are those from the former instrument, since these are more 
complete than the shearing-cone data. 

Recovery——This was measured by two methods. (1) Parallel-plate re- 
covery.—At the end of the parallel-plate plasticity test (above) the specimen 
was allowed to recover for 24 hours at 90° C, and its thickness remeasured. 
This method has the disadvantage that dissimilar materials are not compressed 
under the same conditions, since soft ones undergo a larger strain; accordingly, 
the following additional method was used, in which both the amount and the 
rate of straining are constant, so that conditions are more like those in, say, 
calendering and extruding. (2) Constant-strain recovery—Specimens 11 mm. 
square and 8 mm. thick were compressed uniformly during 5 seconds to 1.6 
mm. thickness, held compressed for 5 seconds, and then allowed to recover for 
5 minutes and the thickness remeasured ; temperature 70° C. In both methods 
the recovery (increase in thickness) is expressed as percentage of the compres- 
sion (decrease in thickness). 

Solubility and swelling in benzene-—0O.1 gram of GR-S was left in contact 
with 30 cc. benzene at 35° C for 16 hours, following the method described by 
Sebrell’?. The “gel’’ referred to in the tables and discussion is the weight of 
benzene-swollen gel per gram of original GR-S. 


RESULTS 


Figures 1-5 show the changes in the following properties during mastication 
on the mill or in the internal mixer [graphs (a) and (6)] or with increasing 
oxidation periods or softener content [graph (c)]: Figure 1: plastometer thick- 
ness (parallel-plate plastometer, 5 minutes compression); Figure 2: effective 
viscosity (stress corresponding to unit shear rate in shearing-cone plastometer ; 
this instrument was not completed in time for experiments on Batch B); 
Figure 3: value of n in plastic flow relation, Equation (1); Figure 4: parallel- 
plate recovery (measured on parallel-plate plastometer specimen); Figure 5: 
constant-strain recovery (by constant-strain test). In Figures 1-5 the broken- 
line parts of the curves are only approximate, since no experimental points 
were obtained on them. Figure 6 gives a selection of logarithmic shear stress/ 
shear strain graphs for GR-S treated by the various methods (shearing-cone 
plastometer). 

The benzene solubility and swelling data for the treatments represented in 
Figures 1—5 are given in Table 2; results of the vacuum heating experiments are 
in Table 3 (below). 
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TABLE 2 
BENZENE SOLUBILITY AND SWELLING TEST 


“Swelling” = g. benzene absorbed by 1 g. of (dry) gel, calculated from the “gel”’ 
and “solubility” figures. No results were obtained for Treatments 6 and 9 of Table 1. 


Swollen gel 








Solubilit . a 
' y, %) , original GIS) Swelling 
GR-S batch - = cc.’ B - sa cc 
1. Cold milling 
Nil 46 100 30.8 0.2 56 
10 min. 100 99 0.0 0.6 oa 60 
20 min. 100 as 0.0 -- ~~ 
70 min. — 88 — 0.3 - 3 
80 min. 100 —— 0.0 - : - 
2. Hot milling 
Nil 46 - 34.7 - 63 — 
10 min. 47 = 19.5 ~ 36 - 
20 min. 51 96 -— 0.4 — 9 
70 min. — 94 - 0.4 — 6 
80 min. 55 — 13.5 - 29 - 
3. Hot milling with peptizing agent 
1% B.P.H. 10 min. - 98 0.3 -- 16 
20 min. 97 0.5 - 16 
70 min. 88 0.7 5 
5% I.N. 10 min. ; 93 : 0.4 - 4 
20 min. ~~ 94 ~ 0.4 - 6 
65 min. 96 -— 0.4 8 
2% I.N. + 10 min. — 95 _ 0.5 8 
0.5% B.P.H. 20 min. oa 99 -— 0.6 55 
60 min. — 98 — 0.5 _ 25 
4. Cold mastication in internal mixer 
60 min. 100 oe 0 - - 
5. Hot mastication in internal mizer 
60 min. 55 ~-- 6.4 13 
7. High-pressure oxidation 
Nil 56 30.4 68 
3 days 54 - 35.2 - 75 
6 days 56 _ 37.6 oo 85 — 
8. Thermal oxidative softening 
Nil 52 = 12.5 os 25 a 
1 hour 65 a 21.2 ao 60 —— 
2 hours 40 — 28.5 47 — 
4 hours 39 - 30.2 os 49 
TABLE 3 
Errect oF HEaTING in vacuo at 150°C ror 4 Hours 
Plastometer thickness Parallel-plate nin 
(parallel-plate 5 min. recovery power-law 
compression) mm. (%) Equation (1)* 
before after " before after "before after 
heating heating heating heating heating heating 
Normal GR-S 2.90 3.56 49 82 — 
GR-S, acetone-extracted 3.48 4.57 _ 95 4.6 7.5 
GR-S, acetone-extracted and 2.41 3.48 8 83 2.4 6.2 


cold-milled 20 min. 


* Values are approximate because results deviate from the power law; with normal GR-S this deviation 
was so great that no valid figure could be given. 
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Abbreviations in Figures 1-5: CM = cold milling; HM = hot milling; CB = cold internal mixer (Banbury); HB = hot 
internal mixer; HMP = hot milling with peptizing agent (benzaldehyde-phenylhydrazone (B.P.H.) unless otherwise stated; 
I.N. = iron naphthenate); TOS = thermal oxidative softening. 


(b) (c) 
Batch B 


(a) 
Batch CC; Mill II Batch B 
‘»M M HMP CM HM HMPCB_ HB 
Temp. (°C) 27 113-116 106-116 Mill I — _ 
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Temp. (°C) 34 102-107 116 70 130+ 
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Fia. 1.—Plastometer Thickness (5 minutes in Parallel-Plate Plastometer). 
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Fia, 2.—Effective Viscosity (Shearing-Cone Plastometer). 
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_ _ Abbreviations in Figures 1-5: CM = cold milling; HM = hot milling; CB = cold internal mixer (Banbury); HB = hot 
internal mixer; HMP = hot milling with peptizing agent (benzaldehyde-phenylhydrazone (B.P.H.) unless otherwise stated ; 
LN. = iron naphthenate); TOS = thermal oxidative softening. 
(b) 
Batch B 
CM HM HMPCB HB 
Mill I I u-—- — 
Temp. (°C) 34 102-107 116 70 130+ 


(a) (c) 
Batch CC; Mill II Batch B 
HM HMP 


CM 
Temp. (°C) 27 113-116 106-116 
























































(a) (b) 
8 iP 8 
n a 
6h 6 
k 
4 4 
Mag 
2r 2r 
MP (in *BPH) - MMP 
a k ~ 
re) A. s , —— * A —— | fe) 7 i ‘ A As A. = oa | r?] _ s a a 
0 20 40 60 _ 0 20 40 60 Heat, TOS (hrs.) 1 2 3 4 
Time of mastication—minutes Oxidation (days) 3 6 9 10 
Softener (%) 10 20 30 42 
Fig. 3.—Value of n in Power Law of Plastic Flow. 
(a) 80 (b) 80 
60 ° 60 
3 
= 40 40 
= 
os 20 20 
HMP (INC BPH) 
°° - — O 
40 60 0 20 40 60 Heat, TOS (hrs.) 1 2 3 4 
Time of mastication—minutes Oxidation (days) 3 6 9 12 
Softener (%) 10 20 30 40 
Fic. 4.—Parallel-Plate Recovery. 
(a) (b) 100 
80 80 
60 60 
* 
540 a 
$ 
3 
20F 20 
0 oO 
0 20 40 60 0 20 40 60 Heat, TOS (hrs.) 1 2 3 4 
Time of mastication—minutes Oxidation (days) 3 6 9 12 


Softener (%) 10 20 30 40 
Fie. 5.—Constant-Strain Recovery. 
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44 46 48 50 $2 34 56 58 60 62 
LOG,,(STRESS , dyne/cm) 





Fic. 6.—Relation between Shear Stress and Shear Rate (Shearing-Cone Plastometer). 
(S = Softener) 


EFFECTS PRODUCED BY THE VARIOUS TREATMENTS 


MILLING (ROLL MILL) 


The experiments without peptizing agent will be discussed first. Cold 
milling progressively reduces the plastometer thickness reading, effective 
viscosity, n value, and recovery, all these changes being most rapid during the 
first 10-20 minutes (see Figures 1—5, graphs (a) and (0)). 

Hot milling (102°-116° C) produces qualitatively similar effects, except 
that the first few minutes have increased the n values (see Figures 3 (a) and (0)). 
This increase is perhaps one manifeststion of what appears to be a fundamental 
difference between the hot and cold treatments, namely, that initially hot 
milling is less effective than cold milling in giving a soft product with low re- 
covery and n value, but after a time the positions are reversed, and the hot 
treatment becomes the more effective; thus it comes about that the ‘‘hot”’ 
and “cold” curves often cross over, as in Figures 1 (a) and (0), 2 (a), 3 (a) and 
(b), and 4 (a), though some of the recovery curves, Figures 4 (b) and 5 (a), 
do not show this, cold milling giving the lower recovery at all milling times. 
Since short milling times, say, up to 20 minutes, are generally of most technical 
interest, these results show clearly the advantages of cold over hot milling (at 
102°-116° C) when no peptizing agent is used. 

The reason for the reversal in effectiveness as between hot and cold treat- 
ments is probably that breakdown of the GR-S occurs in two ways, by oxida- 
tion and by mechanical rupture of the chain molecules (the latter by analogy 
with natural rubber!. Oxidation, being a chemical reaction, is greatly ac- 
celerated by high temperature, whereas mechanical breakdown is favored by 
low temperatures where the rubber is stiff, so experiences bigger shear stresses 
when passed between the rolls. In the early stages of milling, while the rubber 
is stiff, mechanical breakdown apparently predominates, and so cold milling 
is the more effective; but as the rubber becomes softer, less mechanical break- 
down occurs, whereas oxidation continues undiminished, so hot milling finally 
becomes the more effective. The fact that hot milling involves more oxidation 
than cold is shown by oxygen estimation®; 80 minutes’ cold milling did not 
significantly increase the oxygen content, whereas 80 minutes’ hot milling 
increased it by 0.4 per cent (this may be compared with 0.5 per cent increase 
during 6 days in oxygen at 60 lb. per sq. in. and 70° C). 
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The partially benzene-soluble Batch B is made completely soluble by cold 
milling, whereas hot milling does not do this, and indeed reduces the swelling 
of the gel fraction, suggesting that some cross-linking has occurred. The 
solubility and swelling results for Batch CC are inconclusive, because it is 
almost completely soluble in the untreated state. 

Peptizing agents used during hot milling increase the softening effect, as 
shown by both plastometer thickness and effective viscosity [see Figures | (a) 
and 2 (a)], so 10 minutes’ milling with peptizing agent is equivalent to 15-30 
minutes without. Of the peptizing agents tried, 1 per cent of benzaldehyde 
phenylhydrazone (B.P.H.) is the most effective, and 5 per cent iron naphthenate 
the least (in previous experiments', working at 100° C instead of 113° C as in 
the present experiments, iron naphthenate showed no peptizing effect). Pep- 
tizing agents also help to reduce recovery and the n value, and the effect on the 
former can be very great, 10 minutes’ milling with a peptizing agent being 
equivalent to 40-50 minutes without (see Figure 5 (a); these experiments, 
on Batch CC, suggest that the iron naphthenate-B.P.H. mixture reduces 
recovery most effectively. 

In Figures 1 (a), 2 (a), and 3 (a) there is evidence that after long milling 
e.g., 60-70 minutes, the peptizing agent loses its effect; GR-S hot-milled for 
such long periods, either with or without peptizing agent, had considerable 
tackiness and had to be scraped off the mill rolls. Peptizing agents did not 
appear to affect the solubility of Batch CC GR-S. 

A technically interesting comparison is that between hot milling with a 
peptizing agent and cold milling without; Figures 1-5 show that milling at 
102°-116° C (or preferably perhaps an even higher temperature) with B.P.H. 
or an iron naphthenate-B.P.H. mixture gives a soft, low-recovery material 
more quickly than cold milling, though the latter seems better if a low n value 
is needed. 


MASTICATION IN INTERNAL MIXER 


The data in Figures 1—5, graphs (6), show that after a short initial period, 
during which some stiffening and increase in recovery may occur [Figures | (b) 
and 4 (b)], mastication in the internal mixer softens progressively GR-S and 
reduces its recovery. The plastometer thickness results, Figure 1 (b), show 
cold mastication to be more effective than hot in softening the GR-S; the shear- 
ing-cone plastometer was not completed when these experiments were made, 
but Mooney values were determined? on 60-minute masticated samples, namely, 
cold, 35; hot, 29, showing hot mastication to be the more effective. This 
apparent contradiction is due to the parallel-plate plastometer working at a 
lower shear rate (not above 0.07 sec.—') than the Mooney (about 0.8 sec.~'); 
as the processing of rubber usually involves high shear rates, the advantage in 
technical practice would appear to lie with hot mastication, if advantage is 
judged solely by softness. 

On the other hand, hot mastication is less effective than cold in reducing 
elastic recovery, and whereas the latter reduces the n value, hot mastication 
increases it up to the very high figure of 8 or 9, giving a material that is almost 
rigid under very small forces but deforms readily under large forces. More- 
over, whereas cold mastication makes the GR-S completely soluble in benzene, 
hot mastication has little effect and appears to reduce the swelling of the gel 
fraction (Table 2) ; this suggests that high temperature has caused cross-linking, 
which would also account for the high n value. For all properties other than 
softness, therefore, cold mastication is better than hot. 
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It is clear that by varying the temperature at which the GR-S is worked 
in the internal mixer, especially if a bigger range than the 70° C to 130° C 
used in these experiments is attainable, a wide variation in plastic behaviour 
can be obtained, thus illustrating the possibility of making plasticized GR-S 
suited to particular processes. On the other hand, accidental temperature 
variations introduce serious variability in processing. 


HEATING IN VACUO 


GR-S, whether acetone-extracted or not, becomes considerably less plastic 
on heating for four hours at 150° C in vacuo, and the recovery and n value 
increase (see Table 3); these effects appear greatest in the acetone-extracted 
and milled sample. In keeping with their high recovery values, the heated 
samples were elastic and resilient. Similar results have been obtained with 
Buna-S, and in this case more drastic heating (330° C) carried the changes to 
an extreme, giving a hard nonplastic material!. 

The heated GR-S showed decreased solubility in benzene (exact quantita- 
tive tests were not made) and all the evidence suggests that heating causes 
cross-linking, giving an effect similar to scorching. This is in marked contrast 
to the behavior of natural rubber, which, when heated in vacuo, shows pro- 
nounced softening at 200° C upwards and a reduction of recovery and n value 
at 250° C upwards, and liquefies at temperatures much above 250° C. 


HIGH-PRESSURE OXIDATION 


Figures 1-5, graph (c), show that oxidation at 60 lb. per sq. in. and 70° C 
gives a progressive and very marked softening and fall in n value and recovery, 
apart from an apparent increase in constant-strain recovery at 12 days, per- 
haps due to an interruption of some weeks between the 6- and 12-day tests. 
Somewhat unexpectedly, in view of these effects, the oxidation did not much 
alter the benzene solubility or the swelling of the gel fraction (Table 2). A 
6-day test with oxygen at 300 lb. per sq. in. and 70° C gave a softer product 
than that from any other treatment. 

Oxidative plasticization of GR-S at 70° C and 60 lb. per sq. in., however, 
is a very slow process, since the period required to give the same effect as 20 
minutes’ cold mastication (using Batch B) ranges from 2 to 4 days, according 
to the property considered. 

Removal of the antioxidant normally present in GR-S entirely alters the 
nature of the changes produced by oxidation. Acetone-extracted GR-S 
after 4 days in oxygen at 60 lb. per sq. in. and 70° C gave a friable, and inelastic 
product, and shorter tests failed to reveal any softening such as occurs when 
normal GR-S is used. The observation that oxidation may either harden or 
soften GR-S, according to the conditions, agrees with conclusions from the 
aging of the vulcanized material!®. 


THERMAL OXIDATIVE SOFTENING 


Figures 1-5, graphs (c), TOS curves, show that heating at 125° C in oxygen 
at 1 atm. produces during the first hour a considerable softening and reduction 
of recovery and n value, but that further treatment reverses these changes; 
at 4 hours there is some deviation from the power-law plastic flow relation. 
Benzene solubility (Table 2) shows analogous though small changes, namely, an 
increase followed by a decrease, and the swelling of the gel fraction appears to 
change similarly. 
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The hardening effect of excessive high-temperature oxidation was shown by 
a test at 150° C, which after 4 hours converted the GR-S into an inelastic resin. 

Thermal oxidative softening combines heat and oxidation, which have 
opposite effects on GR-S, and it appears that in the initial states the oxidative 
effect predominates, since the changes observed resemble those of oxidation 
(see preceding section); while the later effects, resembling those of heating 
in vacuo (see above), can be ascribed to cross-linking induced by heat, a change 
which appears to be promoted by removal of the anti-oxidant. 


SOFTENER 


Incorporation of mineral oil without the use of heat or mechanical working 
produces some softening and reduction in recovery, but these effects are rela- 
tively small, and only the largest amount of oil (31.5 per cent on the mixture) 
noticeably reduces the n value. It is evident that to obtain a product with 


plastic characteristics even approaching those given, say, by cold milling or by 


hot milling with a peptizing agent, would need so much oil that the vulcanizate 
would have inferior mechanical properties. Oil-swollen GR-S may, however, 
be softened by milling so that it can be calendered and frictioned and possess 
sufficient tack for many purposes". 


COMPARISON OF DIFFERENT PLASTICIZING TREATMENTS 


Certain comparisons have already been mentioned in describing the effects 
of the individual treatments, but a fuller discussion of their relative merits is 
given in this section. 

In the first place, heat alone, 7.e., in absence of oxygen or mechanical action, 
may be dismissed as having no plasticizing action whatever—indeed, just the 
reverse. Likewise, incorporation of mineral oil without any other treatment is 
so ineffective that it need not be further considered. 

All of the other four treatments, namely, roll-milling, mastication in the 
internal mixer, high-pressure oxidation at 70° C, and thermal oxidative soften- 
ing, soften GR-S, although, for making an extremely soft product, cold milling 
or hot or cold working in the internal mixer do not appear suitable (see Figures 
1 (a), 1 (0), and 2 (a)). For rapid production of a moderately softened GR-S, 
roll-milling is better than the internal mixer, and hot milling with a peptizing 
agent, e.g., B.P.H., is the best of the “‘mechanical”’, 7.e., milling or mastication, 
treatments; if it is desired to avoid the use of a peptizing agent, milling on cold 
rolls is the best. 

Oxidative plasticization at 70° C and 60 lb. per sq. in. oxygen pressure is 
too slow for practical purposes; either the temperature or the oxygen concen- 
tration needs to be raised, and in keeping with this it is found that thermal 
oxidative softening at 125° C and 15 lb. per sq. in. is very effective, one hour or 
less giving as much softening as prolonged milling (compare graphs (b) and (c) 
in Figure 1). 

Reducing the elastic recovery of GR-S is usually at least as important as 
making it soft. Figures 4 and 5 show that all the mechanical and oxidation 
treatments reduce recovery; cold working is always better than hot, other 
conditions being equal, but hot milling with a peptizing agent is quicker than 
cold milling without. There is no clear preference between the roll mill and 
the internal mixer. 

The value of n, which represents the extent of deviation from ordinary 
viscous flow or, expressed otherwise, the sensitiveness to changes in the de- 
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forming force, is reduced by all the mechanical treatments except hot working 
in the internal mixer, which has the opposite effect; milling on cold rolls is the 
most effective. Oxidative treatments likewise can greatly reduce n. 

Complete solubility in benzene seems to be best achieved by cold working 
either on the roll mill or in the internal mixer. Hot working (without pep- 
tizing agent) on rolls or in the internal mixer and the two oxidative treatments 
do not produce a soluble product from one which is initially only partly soluble. 

The above summary shows that the same treatment does not necessarily 
give the best results for all the properties—softness, recovery, and n value. 
It follows that GR-S batches brought to the same softness in different ways 
are not identical, and it is, therefore, useful to consider what difference exists 
between them. Comparison on the basis of equal softness is, of course, not 
the only possible procedure, but it has been selected as convenient and as 
having been used in the work on natural rubber'. 

In Figures 7-9, recoveries and n values are plotted against the 5-minute 
parallel-plate plastometer reading, so materials on the same vertical line are of 
equal softness ; curves for hot-milled natural rubber are included for comparison 
with the Batch B GR-S. The black spot represents the untreated GR-S, 
and arrows show the direction of increasing treatment, 7.e., longer periods of 
mastication or oxidation or increasing amount of softener. The broken-line 
parts of the curves are approximate, since no experimental points were obtained 
onthem. The fact that all the GR-S curves on one graph do not start from the 
same point, as ideally they should, is due to the variability of the GR-S. 

Figures 8 and 9, of which the latter is probably the more informative”, 
show that different plasticizing treatments are not equivalent; thus, in Figure 
9 (b), materials brought to the same plastometer reading of 2.0 mm. vary in 
recovery from 2 to 55 per cent. With the mill or internal mixer cold working 
usually, though not always, gives lower recovery (for the same plastometer 
thickness) than hot working, other things being equal; hot roll-milling seems 
to be especially unfavorable. If a peptizing agent is used in the latter process, 
however, recovery can be reduced more effectively, and in fact sometimes 
(Batch CC, Figure 9 (a) at least as well as by cold-milling. 

The TOS and oxidation curves again show the adverse influence of high 
temperature, since thermal oxidative softening at 125°C is not so good as 
oxidation at 70°C and a higher oxygen pressure. Judged by Figure 9 (6) 
the latter seems quite effective, though still inferior to cold working on the mill 
or in the internal mixer. Incorporation of a softener without further treatment 
is not a good way of reducing recovery. 

Figure 8 (b) shows that none of the treatments examined gives a product 
with the low recovery of natural rubber, a result in keeping with the greater 
difficulty of processing GR-S. 

The n values plotted in Figure 7 again show that different treatments are 
far from equivalent, and that cold working (mill or internal mixer) is better 
than hot, assuming that a low n value, as is characteristic of natural rubber, is 
desirable; in contrast to recovery, however, hot working in the internal mixer is 
is now the least effective, indeed, worse than useless, and cold roll-milling is 
the best of these mechanical treatments. Peptizing agents used in hot milling 
give little or no advantage in n value. The conclusions regarding oxidative 
treatments are similar to those for recovery, except that oxidation at 70° C 
and 60 lb. per sq. in. now appears at least as effective as cold milling. Addition 
of softener, except perhaps in large amounts, is again of little use. 
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Abbreviations in Figures 7-9: CM = cold milling; HM = hot milling; CB = cold internal mixer (Banbury); HB = hot 
internal mixer; HMP = hot milling with peptizing agent (benzaldehyde-phenylhydrazone (B.P.H.) unless otherwise stated; 
I.N. = iron naphthenate); TOS = thermal oxidative softening. 

(a 
Batch CC; Mill II Batch B 
CM HM HM CM HM HMPCB HB 
Temp. (°C) 27 113-116 106-116 1l—- — 


Mill I I 
Temp. (°C) 34 102-107 116 70 130+ 
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The fact that GR-S batches plasticized by different methods have differ- 
ent n values means that of two batches one may be the softer at low rates of 
deformation but the stiffer at high rates; this is shown by the fact that the stress/ 
shear graphs in Figure 6 sometimes cross over. An interesting feature of this 
figure is the general tendency of the lines to converge towards the top-right- 
hand corner, 1.e., at high shear rates. This tendency of different materials to 
behave more nearly alike as the shear rate (or stress) is increased has been 
observed also in a range of butadiene-styrene copolymers (American and 
German) and in ebonite stocks containing different reclaims, and merits further 
investigation as a matter of both theoretical and practical importance. In 
Figure 6 the upper part of the lines has been drawn straight, as it was then be- 
lieved that. they were straight; it is now realized, however, that these lines tend 
to curve upwards at the top end®, 


INFLUENCE OF PLASTICIZING TREATMENT ON 
PROPERTIES OF VULCANIZATE 


To see whether plasticizing GR-S by the methods described above affected 
its properties after vulcanization, mixes comprising GR-S 100, EPC black 50, 
sulfur 2, zine oxide 3, stearic acid 1, pine tar 3, mercaptobenzothiazole 1, and 
diphenylguanidine 0.25, were made from 600-gram lots of GR-S, Batch CC, 
previously treated as follows: 


: untreated 

: 40 minutes’ milling on cold rolls 

: 80 minutes’ milling on cold rolls 

: 10 minutes’ milling on hot (about 115° C) rolls with 1% B.P.H. 

: 20 minutes’ milling, as D 

: 60 minutes’ thermal oxidative softening at 128° C, other conditions as de- 
scribed", 

: 120 minutes’ thermal oxidative softening, as F. 


For treatments B-E the even-speed Mill II (see Table 1) was used. The 
mixing of all the compounded batches was done on the cool rolls of this mill, 
and occupied 30-35 minutes. 

The three types of treatment were chosen as being the most effective for 
plasticizing GR-S. The times were so chosen that B, D, and F should have as 
nearly as possible the same plastic properties, and similarly with C, E, and G; 
exact equivalence in all plastic properties is of course impossible, for the reasons 
discussed", 

The following parallel-plate plastometer results were obtained on the mixed 
stocks: 


OQ 3BSevyaQawer 


A B Cc D E F G 


Plastometer thickness (mm.) after 2.81 2.63 2.56 2.39 2.27 2.55 2.40 
5 minutes’ compression 


n 58 55 5.7 5.7 58 57 58 


Hot milling with a peptizing agent (D, E) gave rather softer stocks than 
was anticipated, otherwise the three types of treatment gave roughly equivalent 
plastic properties. 

The difference between the untreated (A) and the plasticized batches (B-G) 
of GR-S appears less in this compounded mix then in the uncompounded state 
as indicated by the data in Figures 1 (a), 1 (c), 3 (a), and 8 (c), though in view of 
the difference in plastic flow characteristics between the compounded and un- 
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compounded GR-S, an adequate comparison is not possible on the basis of 
the plasticity data available. In any further work on plasticizing treatments 
it will be important to see how far the differences introduced by different 
treatments persist after compounding with carbon black. 

Table 4 gives the properties at optimum vulcanization. Standard test 
methods!* were used except: (1) the tension set test used 15 minutes’ stretching 
and 60 minutes’ recovery; (2) aging was for 3 days in air at 100° C; (8) tear 
strength at 75° C by the A.S.T.M. crescent specimen"*; (4) abrasion measured 
on the Akron machine’’, using 25° angle; (5) resilience by Liipke pendulum at 
various temperatures; (6) cut growth test is essentially the De Mattia bend- 
flexing test!* modified by puncturing the specimen, at the center of the groove, 
by a 0.05-inch diameter needle. 


TABLE 4 
PROPERTIES OF VULCANIZATES 
Thermal 
Hot millin oxidative 
Nil Cold milling with BPH softening 
_— poem Day Soren, a 
Plasticizing treatment A B Cc D E F G 


Optimum vulcanization at 148°C 45 45 45 40 = 35 50 = 45 


(min.) 

Tensile strength of dumb-bell speci- 2980 3000 2660 2700 2520 2660 2440 
mens (lb. per sq. in.) 

Elongation at break (%) 630 650 580 620 590 610 610 

Modulus at 300% (Ib. per sq. in.) 910 950 960 910 830 850 890 

British Standard Hardness No. 55 49 47 50 50 52 50 

Tension set (%) after 200% elonga- 5.8 6.0 85.5 5.0 5.0 5.5 6.0 
tion 

— loss (cc. per 1000 revolu- 0.56 0.56 0.54 0.54 0.638 0.55 0.58 
tions 

Tear strength at 75°C (lb. per in. 300 315 310 290 295 270 = 3=270 
thickness) 

Resilience (%) at 20°C 43 42 42 44 43 43 43 

Temperature (°C) of minimum re- —27  —26 —-29 -24 -—26 -—26 —27 
silience 

Cut ae resistance (flexing kilo- 35 38 30 25 40 25 25 
cycles per cm. growth) 

Properties after aging as % of unaged 


value: 
Tensile strength 78 78 82 78 79 82 90 
Elongation at break 56 5353 47 46 5458 
Modulus at 300% 225 215 210 235 275 230 215 


Apart from a slight acceleration with B.P.H., vulcanization is unaffected 
by the plasticizing treatments. 

Tensile strength, and possibly elongation and hardness number, appear to 
decrease slightly with plasticization, but the effect is no greater than experi- 
mental error, except perhaps with tensile strength in treatments E and G and 
hardness in treatment C. 

As regards the other properties of the unaged rubbers, although some indi- 
vidual mixes appear to differ from the control mix A, e.g., F and G in tear 
strength, and D, F, and G in cut-growth, the plasticizing treatment has never 
consistently produced an effect greater than the experimental error. This is 
true also of tear strength at room temperature, not recorded in Table 4. 

Maintenance of tensile strength during aging is never impaired, but hot 
milling with B.P.H. appears to have aggravated the stiffening and loss of 
elongation. Exposure-cracking of the stretched vulcanizate was not sig- 
nificantly affected by any of the plasticizing treatments. 
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SUMMARY 


Continuing the work described in Part I', experiments have been made to 
determine the separate effects of heat, oxidation, mechanical working on rolls 
or in an internal mixer, peptizing agents (used in hot milling), and absorption 
of softener on the softness, elastic recovery, and plastic flow relation (between 
applied force and rate of flow) of GR-S. 

Heat alone, without oxygen or mechanical action, does not soften GR-S, 
but makes it harder and more elastic, presumably by inducing cross-linking of 
the chain molecules; GR-S thus differs fundamentally from natural rubber, 
which can be softened by heat. Absorption of softener (mineral oil) softens 
GR-S and reduces its recovery, but these effects are too small to form a prac- 
ticable plasticizing method. 

Either oxidation or mechanical working softens GR-S considerably, reduces 
its elastic recovery, and brings its plastic flow relation nearer to that of well 
masticated natural rubber, i.e., approaching ordinary viscous or Newtonian 
flow (flow rate proportional to stress). Peptizing agents such as benzaldehyde 
phenylhydrazone or iron naphthenate promote the effect of hot milling, pre- 
sumably by accelerating oxidation, which is shown to occur during hot, but 
not appreciably in cold, milling. 

Of the methods tried, those which plasticize GR-S most quickly are (1) hot 
milling with a peptizing agent, and (2) oxidation at 125° C and 15 lb. per sq. in. 
oxygen pressure; if the latter is continued too long, however, hardening sets in. 

The results show that GR-S, like natural rubber, can be plasticized by 
mechanical breakage of the chain molecules by the shear stresses set up during 
mastication, as well as by oxidation, which presumably causes breakage of the 
molecules at the double bonds. Mechanical and oxidative treatments, how- 
ever, do not give the same properties; mechanical breakdown in the cold gives a 
product completely soluble in benzene, whereas oxidation does not, and is less 
effective in reducing recovery, and there may be other differences not yet 
revealed. In view of these differences and the fact that heat has effects oppo- 
site to oxidation or mechanical working, it follows that the various possible 
ways of plasticizing GR-S, since they involve heat, oxidation, and mechanical 
action in different combinations and degrees, give plasticized batches with very 
different properties, even if the length of the treatments is so adjusted as to give, 
say, the same Williams or Mooney plasticity reading. These differences are 
fully discussed in the present paper; the main conclusions are: 


(1) To reduce elastic recovery, mechanical working at low temperatures 
with the rolls or internal mixer water-cooled is generally best, though equally 
good results may be obtainable by hot roll-milling with a peptizing agent. 
Heating in air or oxygen is less satisfactory, especially if a high temperature, 
e.g., 125° C as in the German procedure, is used. 

(2) To produce GR-S with a plastic flow relation approaching that of 
natural rubber, it is important to avoid high temperatures, especially when 
access of air is limited, as in the internal mixer. Hence cold roll-mixing is the 
best method; oxidation at 70° C and 60 lb. per sq. in., although it gives a 
product similar to that of cold milling, is far too slow to be practical, and pep- 
tizing agents scarcely improve the effect of hot milling. 

(3) None of the treatments examined gives to GR-S the plastic properties 
of natural rubber, since it always retains a higher recovery and deviates more 
from simple viscous flow. 

(4) To make GR-S completely soluble, mechanical working appears essen- 
tial, and cold working is best. 
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Attention is again drawn to the important effect of differences in recovery 
and plastic flow relation on the behavior of plasticized rubbers during processing 
in the factory, and examples are given. 

Study of the flow characteristics of GR-S plasticized in different ways con- 
firms a previous observation that, as the deforming force or rate of deformation 
increases, the various materials behave more nearly alike—a significant point 
in processing operations that involve very rapid deformations. 

The effects of cold milling, hot milling with a peptizing agent, and thermal 
oxidative softening on the properties of GR-S after compounding with carbon 
black and vulcanizing were studied. The only adverse effects observed were 
somewhat more age-stiffening (increase in modulus and loss of elongation 
during 100° C air aging) as a result of hot-milling with a peptizing agent, 
and possibly a slight loss of tensile strength in this treatment and in thermal 
oxidative softening. 
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ELECTRICALLY CONDUCTING RUBBER * 


K. A. LANE AND E. R. GARDNER 


Avon Inp1a Russer Co., Lip. 


In recent years the dangers and inconveniences arising from the presence of 
static electrical charges on rubber conveyor belts, rubber flooring, rubber- 
tired vehicles and the like, have aroused interest in the use of electrically 
conducting rubber as a means of minimizing the accumulation of static elec- 
tricity. Conventional rubber compounds, which have electrical resistivities 
normally above 10’ ohm-em. and as high as 10'*-10'* ohm-cm. for nonblack 
compositions', favor the accumulation of static charges. By using high load- 
ings of channel black, the resistivity can be reduced considerably. If special 
types of carbon black are employed the resistivity can be reduced to a very 
low value; in fact, the development of a compound with a resistivity of 1 ohm- 
cm. has been reported’. A compound with a resistivity of about 10 ohm-cm., 
processible on ordinary factory-size rubber machinery, is described later in this 
paper. Rubber compounds with resistivities less than 10’ ohm-cm. are gener- 
ally grouped under the generic title of ‘electrically conducting rubbers’. 

The conduction of electricity through rubber-carbon black compositions is 
attributed to the ability of the carbon black to form chains of particles through 
the rubber*. The formation of these chains depends on the particle size, 
crystal structure, and degree of dispersion of the black‘. The special types of 
black referred to above, termed conducting blacks, possess this ability for 
chain formation to an advanced degree. 

The work described below deals with the compounding of conducting rub- 
bers, their application, and the methods used for testing. It appears under 
three main headings: measurement of resistivity; development of highly 
conducting rubber; and development and testing of antistatic tires. 


MEASUREMENT OF RESISTIVITY 


Apparatus.—The measurement of the electrical resistance of a semiconduc- 
tor is a difficult matter, and a study of the literature reveals that many different 
methods have been used by different workers. An improved method recently 
described by Newton eliminates errors due to contact resistances (see below). 
This method and that used in these experiments are based on the same prin- 
ciple. In each case a current is caused to flow uniformly through a rubber 
sample, and the voltage gradient is measured between probes in the sample by 
means of a valve voltmeter. 

In the method described here, the whole apparatus is built into a box and 
powered by the a.c. mains without supplementary batteries. Two valve recti- 
fiers (a, b in the circuit diagram, Figure 1) are used to provide independent 
sources of high-voltage direct current. One of these provides the current 
through the sample, which is in the form of a rectangular block 15 x 3 X 3 
inch, with tinfoil squares molded on to the end faces and wires molded in the 


* Reprinted from the Transactions of the Rubber Industry, Vol. 24, No. 2, pages 70-91, August 1948. 
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middle at intervals of about 4 cm. If the supply terminals are shorted a cur- 
rent of about 7 milliamperes flows; if they are connected to the ends of a bar 
whose resistance is 300,000 ohms a current of 1 milliampere flows. The ma- 
jority of samples take a current of about 6 milliamperes, representing a current 
density of about 4 milliamperes per sq. cm. 

The second rectifier (b) provides the voltage for the plates of a triode valve 
(c), which can be adjusted by potentiometers (d, e). To measure the voltage 
gradient along the sample, the positive end is earthed and the grid lead, pre- 
viously earthed, is connected to each of the probes in turn. This has the effect 
of unbalancing the triode valve circuit and balance is restored by applying an 
extra voltage by means of the potentiometer (e). This applied voltage is read 
directly on the voltmeter (f). As the potential on the grid is static and the 
input impedance of the triode is very high no current flows along the grid lead, 
i.e. the voltmeter takes no current from the sample, and so there is no error 
due to contact resistance of the probes. 
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Fic. 1.—Apparatus for the measurement of resistivity. 


As the instrument is worked from the a.c. mains and contains an earth lead, 
some leakage occurs through the insulation of the cable, transformer, etc., 
but the current in the voltmeter lead does not exceed 1 X 10-° amp. Thus 
errors from this cause are negligible for resistivities less than 5 X 10‘ ohm-em., 
and for higher resistivities this method is not used because the range of the 
meters is not sufficiently great. 

Method of test——The vulcanized sample with molded-in plates and probe- 
wires is stored under conditions of constant temperature and humidity for 48 
hours and then tested as described above. From the instrument direct readings 
of the current through the sample and of the potential difference between each 
probe and the end of the sample are obtained. From these figures the resist- 
ance along the bar to each probe is determined directly and a graph is drawn to 
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show the relation between resistance and distance. The gradient of the straight 
line obtained corresponds to the resistance per unit length of the bar and its 
intercepts with the axes are a measure of the contact resistance at the ends. 

Typical graphs are shown in Figure 2, with readings in Table 1. From 
graphs such as these the specific resistance of the compound used may be 
determined. 

For resistivities above 10‘ ohm-cm. an alternative method is used. Blocks 
are vulcanized 3 X 3 inches in area with thicknesses from } up to 2 inches, with 
tinfoil sheets molded on the square faces. These blocks are connected to the 
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Fig. 2.—Typical conductivity graphs. 


TABLE 1 
pL TeicaL Resistivity Resuits ela 
No. of probe eleateede 1 2 3 4 5 6 anne 
Distance from end (cm.) 0 5 10 15 20 25 30 38 
Potential (volts) 0 G4 70 76 8&8 9:2 10.1 18.2 
Current (milliamperes) 9.4 94 94 94 95 96 9.6 9.6 
Resistance (ohms) 0 681 744 808 895 958 1051 1896 
cites o 
No. of probe due mp 2 3 4 5 pind 
Distance from end (cm.) 0 5 10 15 20 25 38 
Potential (volts) 0 5.7 6.5 a2 8.1 8.9 13.1 
Current (milliamperes) 9.9 9.9 10.0 10.0 10.0 10.1 10.1 
Resistance (ohms) 0 576 650 720 810 882 1297 
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supply electrodes of the instrument and the current measured. The current is 
also measured when the electrodes are short-circuited. 


Current Total resistance 
milliamperes ohms Voltage 
On short circuit I, 50,000 501, 
With block connected I, 507 xX 1000 50 1, 
2 
(I, — I:) 


ohms 





Resistance of block = 50,000 _— 
2 


Knowing the resistance of the block, the contact resistance is ignored and the 
resistivity calculated from the dimensions of the block. 

Effect of electrodes —This latter method has the disadvantage that it takes 
no account of contact resistances. One of the greatest difficulties in the meas- 
urement of electrical resistivity has been the fact that the interface between 
rubber and any other material is highly resistant to the flow of electricity’. 
This means that in this method the resistance measured is the total resistance 
of the block and of the contact resistances between each of the tinfoil electrodes 
and the rubber block. However, in the experiments for which this method was 
used a high degree of accuracy was not required, and as most of the rubbers 
considered had resistivities below 1 X 10‘ ohm cm. the method was not often 
used. 

Most of the measurements made by earlier workers make no allowance for 
the effect of contact resistance, and the method described by Newton® is the 
first important attempt to measure true resistivity. Earlier work depended 
on finding electrodes that did not give rise to high contact resistances, but 
neither mercury nor brass plates which have been extensively used in the past 
are suitable as electrodes. It has been claimed by Bulgin® that molded tinfoil 
electrodes are free from contact resistance, but such has not been found to be 
the case in the experiments described in this paper. It is believed, however, 
that these give less misleading results than other electrodes. 

Effect of voltage——Rubber, like most other semiconductors, does not obey 
Ohm’s law and so the resistance varies with the applied voltage. Some workers 
have sought to overcome this by quoting the resistivity at a certain applied 
voltage. This is insufficient since it is the voltage gradient which actually 
affects the results, and this depends on the sample dimensions as well as on the 
applied voltage. 

The equation [resistivity <X current density = voltage gradient] does not 
involve sample dimensions, and if the resistivity varies with the voltage gra- 
dient it varies also with current density. It would seem, therefore, equally 
justifiable to quote resistivities at a given current density as at a given voltage 
gradient. This is done with the instrument described above, since all measure- 
ments are made with a current density of approximately 4 milliamperes per 
sq. cm. 

However, Newton states* that electric saturation is reached when above a 
certain voltage gradient Ohm’s law holds. It appears that the voltage gradient 
and not the current density is critical in attaining saturation. In these circum- 
stances an ideal method would use a voltage gradient higher than that required 
for saturation for all samples, when the resistivities would be independent of 
voltage gradient. 
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Effect of test conditions. (a) Errors of measurement.—To compare figures 
obtained by the methods described above, it is necessary to know something 
of the errors involved and the effects on the conductivity of the samples of the 
various processing factors. Certain irreducible errors occur in the actual 
measurement of resistivity by means of the apparatus described above, the 
principal errors of measurement being: (1) distance (approx. 1 mm. in 5 em.) 
2 per cent; (2) current (not greater than 0.1 milliampere in 5-10 milliamperes) 
1-2 per cent; and (3) voltage (for an accurate setting of the galvanometer the 
voltage may vary up to 0.3 volt), at 5 volts 6 per cent, and at 20 volts 1.5 
per cent. Therefore, the resistance from the end to a given point may vary 
up to 10 per cent, although the mean error is about 5 per cent. The mean 
resistance along the sample is obtained with greater accuracy, and an inspec- 
tion of a large number of actual length/resistance curves suggests that the 
errors in the results ascribable to errors of measurement do not exceed 3 to 4 
per cent. 

Experiments repeated on the same sample at different times gave results 
which showed that, apart from differences due to atmospheric conditions, 
there was a variability in the resistivity of the order expected from the above 
considerations. In addition, these preliminary experiments showed that the 
contact resistance differed in different experiments on the same sample and 
that variations in the atmospheric conditions appeared to affect the resistivity. 

In the various experiments described in this section of the paper, different 
compounds were used and their compositions are given in Table 2. 


TABLE 2 
I-xXPERIMENTAL COMPOUNDS 


Reference No. I II Ill IV ¥v VI 
Smoked sheet rubber 100 100 100 100 100 100 
Acetylene black 60 60 60 — — 45 
Dixie Voltex -— -- -- 45 42.5 —- 
Zine oxide 5 5 5 5 5 5 
Stearic acid 2 y 2 2 3 2 
Pine tar oil 3 3 3 3 2 3 
Vulcaflex-B — - — 1.25 — 
Mercaptobenzothiazole 0.8 0.8 0.8 0.8 — 0.8 
Benzothiazoy! disulfide — —_ — — 0.6 — 
Sulfur 2 2 2 2 3 2 


(b) Effect of humidity—Experiments were arranged to investigate the 
effect of humidity on the resistivity of conducting samples. A mix of com- 
position I was used to prepare two pairs of conductivity samples which were 
vulcanized at 280° F for 45 minutes. One of each pair was enclosed in an air- 
tight tin containing calcium chloride, the other in an air-tight tin containing 
water. The samples were left for four months at a constant temperature of 
70° F, and then removed into a room kept at constant temperature (70° F) and 
humidity (67 per cent) and the conductivities measured. These measure- 
ments were repeated at intervals of 24 hours for a week. The results are shown 
in Table 3 and in Figure 3. It will be seen that the conductivity increases with 
moisture content and that it takes about 4-5 days for a sample initially satu- 
rated with water or thoroughly dried to reach equilibrium with its surroundings. 
In each of the pairs tested the resistivity of the dry sample was 30 per cent 
more than that of the moist sample. As a result of this experiment it was 
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TABLE 3 
Errect or Humipity ON REsIsTIVITY (OHM-CM.) 

No. of days 0 1 2 - 
A. Sample 1 36.5 35 32 29 
B. Sample 1 25.5 26.5 27 29 
A. Sample 2 57 55 53 50 
B. Sample 2 40 44 47.5 50 


(A after storing over calcium chloride; B after storing over water.) 


decided that, in all subsequent tests, the samples should be kept at constant 
temperature and humidity for at least 48 hours before testing. 

(c) Effect of temperature—The temperature coefficient of resistivity of 
vulcanized rubber is appreciable’, and so all the resistivity determinations 
described in this report were carried out at 70° F. 

Effect of processing variations. (a) Effect of direction of milling—Two 
main experiments were designed to show the effect on conductivity of the 
direction of milling. In the first, a rubber mix of composition II was sheeted 
out } inch thick, and strips were cut in the direction of milling and perpendicular 
to this direction. These strips were used to build up conductivity samples in 
the usual way, and these were then vulcanized and tested. Graphs of resist- 
ance against position are shown in Figure 4, and two features are immediately 
obvious. First, the samples prepared from strips cut across the direction of 
milling show sudden discontinuities; secondly, there is no significant difference 
between the resistivities of samples prepared from strips cut in different direc- 
tions. The reason for the discontinuities in the one pair of samples was at- 
tributed to the fact that these were built from strips placed end to end. The 
sheet had not been wide eough to cut strips 15 inches long across the sheet, so 
shorter strips had been used. Further experiments showed that, whenever 
a sample was built from short strips placed end to end, discontinuities in re- 
sistivity resulted. 
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In the second experiment each sample was built as follows: two strips 
5 X 4 inch were cut from the }-inch thick sheet in the direction of milling and 
two similar strips in a perpendicular direction. Twenty }-inch squares were 
also cut. One strip cut in one direction was placed at one end of the mold 
and a strip cut in the other direction at the other end. The squares were piled 
up into a block 5 X 4 X 3 inch, and this was inserted between the strips. 
Wires were then inserted as usual and the remaining strips added. The result- 
ing block was in three sections: first, with the direction of milling parallel to 
the length of the block; second, with the direction of milling vertical and, 
third, with the direction of milling across the width of the block. This is shown 
diagrammatically in Figure 5. 
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Fria. 5.—Composite block, to show effect of direction of milling. 


Five such blocks were prepared, and the variation of resistance along the 
length of each block is shown graphically in Figure 6. 

The following general conclusions about the effect of direction follow from 
these experiments: (1) strips cut from different parts of the same sheet have 
different resistivities when vulcanized; (2) strips cut across the direction of 
milling are slightly less resistant than those cut in the direction of milling, but 
the results obtained for the resistivity through the direction of milling are 
indeterminate ; (3) these differences remain when a number of strips are molded 
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Fia. 6.—Effect of direction of milling. 


together end to end; (4) when a number of such strips are molded together, 
no contact differences occur at the interfaces. 

Other workers have also generally found anisotropic effects, but these ex- 
periments are different from those described elsewhere’. 


(b) Effect of plying—tThe effects observed in the middle portions of the 
block just considered suggests that, in a block built from several plies, the re- 
sistivity would vary in the different plies. This may lead to odd results, in 
which case the number of plies should be kept to a minimum. Several experi- 
ments were designed to compare samples made from four strips cut from a sheet 
} inch thick and samples made from two strips cut from a sheet } inch thick. 
However, in all cases the results obtained from four-ply samples were so variable 
and unreliable that in all further experiments only two-ply samples were used. 

(c) Effect of milling and standing.—In view of the importance of the dis- 
persion of carbon black in the mechanism of conductivity, the time of milling 
may be expected to have some effect on the resistivity. To test this, four mixes 
of composition III were prepared in the laboratory, with milling times varying 
from 45 to 120 minutes. From each mix conductivity samples were prepared, 
some for immediate vulcanization and some for vulcanization after periods of 
24 hours or 72 hours. After vulcanization at 280° F for 45 minutes, the samples 
were tested in the normal way. 


The results showed that the resistivity increased with the length of time of 
standing in the unvulcanized state, but that the differences in the time of 
milling did not affect the resistivities of the samples. These results are shown 
in Table 4. 

A second experiment was carried out which involved milling only. A batch 
of composition IV was given five minutes Banbury mixing and seven minutes 
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TABLE 4 


EFFECT OF TIME OF MILLING AND STANDING 
Resistivities in ohm-cm. and log resistivities 


24 hours standing 72 hours standing 
Time of Vulcanized between milling and between milling and 
milling (min.) immediately vulcanization vulcanization 
82 88 208 
1.914 1.944 2.318 
45 88 80 185 
1.944 1.903 2.267 
146 142 232 
2.164 2.152 2.365 
60 214 121 210 
2.330 2.083 2.322 
167 329 186 
2.223 2.517 2.269 
90 179 180 192 
2.253 2.553 2.283 
176 163 201 
2.246 2.212 2.303 
120 121 176 160 
2.083 2.246 2.204 


on the laboratory mill. The sheet was then allowed to stand for 24 hours, 
after which two conductivity samples were cut out and vulcanized. The re- 
mainder of the sheet was milled for further periods of ten minutes, and at the 
end of each milling two further samples were prepared, making 12 in all. 

One of these samples was defective, but the resistivities of the remainder are 
shown in Table 5. Although the mean resistivities do not vary with time of 
milling, the range of each pair decreases for longer milling times, suggesting 
improved dispersion. 


TABLE 5 
Errect OF TIME OF MILLING 


40 (After 
7 days 
Time (min.) 0 10 20 30 40 standing) 
Resistivity (ohm-cem.)— 
First sample 14,050 8350 9700 7000 10,500 9380 
Second sample o 15,600 12,200 12,400 10,000 9150 
Difference oo 6650 2500 5400 500 230 


Time of Vulcanization—Twelve samples were prepared from each of two 
different mixes (compositions IV and V) and pairs of samples from each mix 
were vulcanized at 280° F for 15, 30, 45, 60, 90 and 120 minutes, respectively. 
The results are shown in Table 6. The minimum resistivity for mix IV occurs 
after 90 minutes and for mix V after 60 minutes. The optimum vulcanizing . 
times for tensile strength are, respectively, 90 minutes and 45 minutes. 

Analysis of the variances of these results showed that the variation of 
resistivity with time of vulcanization is significant only when the 15-minute 
result is included. After 15 minutes the results show no significant variation 
among themselves, and it may be assumed that as long as a sample of either 
of these two compositions is vulcanized for at least 20 minutes, the exact 
time is not critical. 

Reproducibility of results —A series of mixes was prepared all of composition 
VI, but the rubber and black were chosen from different deliveries, so the com- 
pounds for the mixes fell into three groups between which batch differences 
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TABLE 6 
Errect oF TIME OF VULCANIZATION 

Mix IV 
Time of cure (min. at 280° F) __15 p s = a i” 
Resistivity (2 samples) (ohm-cem.) (457 250 245 162 198 
Mean 480 241 253 207 162 211 

Mix V 
Time of cure (min. at 280° F) i 30 45 60 90 120 


Resistivity (2 samples) (ohm-cm.) {1920 oa no oo 4 io 


Mean 1920 158 134 117 172 142 


were a maximum and within which they were a minimum, the materials in each 
group being, as far as possible, homogeneous. Mix A was prepared from the 
first group and mixed on Monday morning; three samples were vulcanized 
from this mix on Tuesday morning, and tested on Wednesday morning. B 
was taken from the first group, C and D from the second and E from the third 
group. Three samples were prepared from each mix as follows. 





Monday Tuesday Wednesday Thursday Friday 
¢ A _ c my a 
a.m. p.m. a.m p.m. a.m. p.m. a.m. p.m. a.m 
Mix A B C D E -- — -~ — 
Cure — — A B C D E _ —- 
Test ~ —- - --- A B C D E 


The results are shown in Table 7 in ohm-cm. and also as logarithms of 
resistivity. Inspection shows that the variation between mixes greatly exceeds 
that between samples from the same mix. When the variances are analyzed 
statistically, no significant difference is found between the variations attribut- 
able to differences in source of ingredients and the variations due to mixing. 
The effects of these can therefore be pooled, giving, on the logarithmic scale, 
a standard deviation of 0.144 between mixes and 0.043 within mixes. No 
unusual variation is obtained by using different deliveries of black or rubber. 


TABLE 7 
REPRODUCIBILITY OF ResuttTs Usine ACETYLENE BLack 








Resistivities (ohm-cm.) Logarithms 
Mix - ~ —. Mean -— —s on Mean 
A 165 144 170 160 2.217 2.158 2.230 2.202 
B 103 102 100 162 2.013 2.009 2.000 2.007 
C 118 133 149 133 2.071 2.124 2.173 2.123 
D 175 210 -— 193 2.243 2.322 — 2.282 
E 154 157 145 153 2.188 2.196 2.170 2.185 


It is concluded from these results that resistivity measurements distinguish 
between mixes of different composition only when the difference in log resis- 
tivity exceeds about 0.3, .e., the larger resistivity must be more than double 
the smaller. Of course, discrimination can be made more exact by using more 
mixes of each composition. 

At the conclusion of this experiment all the values for the resistivity of 
samples of composition VI which had been obtained in various other experi- 
ments were collected and averaged. The standard deviation of the log re- 
sistivities was 0.15, in close agreement with the figures obtained above. 
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In a further experiment, four mixes containing Dixie Voltex were prepared, 
A and B of composition IV and C and D of composition V. Two samples of 
each were vulcanized at 280° F, mix IV for 45 minutes and mix V for 90 minutes. 
The vulcanized samples were tested in the usual way, and the results are shown 
in Table 8. Inspection shows that here again variations between mixes exceed 
those within mixes. The variances were analyzed as before, and it was found 
that there was no significant difference in the values from mixes of the two 
compositions. The results for both compositions were therefore pooled, giving, 
on the logarithmic scale, a standard deviation of 0.137 between mixes and 
0.059 within mixes. 


TABLE 8 


REPRODUCIBILITY USING DrxIE VOLTEX 








Resistivity 
(ohm-cm.) Logarithm 
Mix r om ~ Mean A -, Mean 
A (IV) 313 285 299 2.496 2.455 2.476 
B (IV) 252 281 267 2.401 2.449 2.425 
C (V) 366 446 406 2.563 2.649 2.606 
D (V) 278 206 242 2.444 2.319 2.382 


Comparing these results gives 0.144 between mixes and 0.043 within mixes 
for acetylene black and 0.137 between mixes and 0.059 within mixes for Dixie 
Voltex. These agree closely, and the mean of 0.14 between mixes and 0.05 
within mixes represents a significant difference at the 0.1 per cent level. 


THE DEVELOPMENT OF HIGHLY CONDUCTING RUBBER 


It is not a difficult matter to prepare in the laboratory compounds with 
relatively high conductivity and, as mentioned above, a compound with specific 
resistance as low as 1 ohm-cm. has been reported. These highly conducting 
compounds are, however, difficult to process under normal production condi- 
tions. It was, therefore, decided to find to what extent the specific resistance 
of rubber can be reduced, while still retaining the ability to be processed. 
The processing tests to which the compounds were subjected involved mixing 
25-lb. batches on a 40-inch mill, and calendering to a thickness of about 0.02 
inch on an 84-inch three-bowl calender. 

Four compounds were mixed in the laboratory with acetylene black content 
increasing up to 80 parts of black on 100 parts of rubber. The compositions 
of the compounds are given in Table 9, which also contains the values of the 
specific resistance. Each of the latter is the mean of the results from duplicate 
tests. 


TABLE 9 

Vil VIII s *. @ 4 
Smoked sheet rubber 100 100 100 100 
Acetylene black 20 40 60 80 
Zine oxide 5 5 5 5 
Stearic acid 2 y 2 2 
Pine tar oil 3 3 3 3 
Mercaptobenzothiazole 0.8 0.8 0.8 0.8 
Sulfur 2 2: 2 y- 
Resistivity (ohm-cm.) 65 xX 107 174 74 13.2 
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Compound IX was processed satisfactorily but it was found that the power 
available to drive the factory mixing mill was insufficient to enable compound X 
to be mixed. The driving motor stalled before all the black had been added. 

The next step was to mix in the laboratory a series of compounds with 
varying acetylene black and softener loadings. The accelerator was changed 
from mercaptobenzothiazole to benzothiazoyl disulfide to reduce the tendency 
for scorching. The compositions and specific resistances are given in Table 10. 


TABLE 10 

XI XII XIII XIV XV XVI XVII XVIII 
Smoked sheet rubber 100 100 100 100 100 100 100 100 
Acetylene black 80 80 80 80 100 100 120 120 
Pine tar oil 3 10 15 20 20 30 40 50 
Zine oxide 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 
Benzothiazoy] disulfide 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Sulfur 2 > ns 2 2 2 2 2 
Resistivity (ohm cm.) 24 19.8 13.3 4.8 10.0 8.4 3.7 7.1 


Compound XIII was processed satisfactorily, and two lots of sheeting were 
made from two batches mixed at different times. The sheeting was wrapped 
on a hollow drum and vulcanized in open steam for 1 hour at 280° F after a 
half-hour rise. The specific resistance of a number of samples taken from 
different parts of the sheets was determined. The average for the first sheet 
was 25.9 ohm-cm. and for the second 13.5 ohm-cm. These values provided 
further evidence that considerable.variation in electrical properties is possible 
for a particular compound mixed and processed at different times. 

To find the order of this variation, samples of compound XIII were made 
in a number of different ways. Batches were mixed and conductivity samples 
vulcanized in the laboratory on three different occasions by different operators 
and also similar samples were vulcanized using material that had been mixed 
on the 40-inch mill, with and without subsequent calendering. In all, seven 
different methods of preparation were employed and 18 samples tested, includ- 
ing the two 0.02-inch sheets. The mean of all tests was 15.7 ohm-em., with a 
standard deviation of 5.6. 

A thin calendered sheet was also prepared from compound XVIII, but its 
preparation was rather more difficult than for compound XIII. The mean 
specific resistance for the sheet was 13 ohm-cm. It seems probable that this 
compound could be processed to give sheets with lower specific resistance than 
XIII, but more tests would be needed to establish this with certainty. 


ANTISTATIC TIRES 


Effects of static electricity —For some time past, workers in the rubber indus- 
try have been considering the question of the generation of static electricity in 
road vehicles*. This problem arose particularly in connection with the inter- 
ference in car radios by discharges of static electricity. Various solutions to 
the problem have been attempted, such as pumping graphite into inner tubes’ 
or coating the inner plies of the carcass with an aqueous suspension of graphite. 
However, the most promising results are obtained with conducting rubber, 
either in the side wall to bring the charge on the vehicle close to the ground 
and so reduce its potential or in*the tread to conduct to earth charges as 
produced. 
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In the last few years, various omnibus companies have reported almost 
daily cases of persons suffering severe electric shocks when mounting or dis- 
mounting gasoline-driven buses, the voltages encountered being estimated 
at from 5000—50,000 volts. This led to an intensification of research mainly 
directed towards producing bus tires that would be electrically conducting and 
yet as hard wearing and reliable as ordinary tires. 

The mechanism of generation—As a rubber pneumatic tire rolls over any 
surface, equal and opposite charges are produced, either by friction or by 
contact between the tire tread and the road surface. The exact difference 
between the mechanisms of separation and friction is not known and they may 
be variations of the same process. 

As the wheel revolves, work is done in separating the charges, and so a high 
potential difference is produced between them. The negative charge on the 
tire tread induces a positive charge on neighboring parts of the vehicle, e¢.g., 
the mudguards, leaving a free negative charge at high potential on the body 
of the vehicle (Figure 7). As the distance of the charge from the point of con- 
tact increases, its tendency to leak away increases, and the charge builds up until 
the leakage by atmospheric conduction, by conduction through the rim and 
tire and by other means, balances the production of charge. Equilibrium is 
eventually set up between the distributed charge around the tire tread, which 
may be considered equivalent to a definite charge at a definite potential at a 
definite point A, and the various charges on the road and on the vehicle. 
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Fic. 7.—Distribution of static charges on a vehicle. 


Detection and measurement of static charges.—Various experiments are de- 
scribed in the literature, and from these and other experiments it is found that 
(1) static charges are produced only on moving vehicles, irrespective of whether 
or not the engine is running; this means the charges are produced by the tires 
and not by the engine or exhaust; (2) no effects are produced on wet roads or 
with wet tires, although a humid atmosphere alone does not prevent the build-up 
of static charges; (3) certain road surfaces are more efficient in giving rise to 
static charges than others. 

In one experiment, a spark gap was fitted to a heavy vehicle, with a chain 
trailing from one electrode to the ground. The voltage across the spark gap 
was measured by means of a voltmeter consisting of a sensitive galvanometer 
in series with a high resistance. The significant fact was discovered that the 
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galvanometer deflection was independent of the series resistance used. That is, 
the current leaking from the vehicle is fundamental but the voltage built 
up is not. 

Consideration of the mechanism of generation leads to the same conclusion. 
It would seem that the rate of charge build-up is fixed, and equilibrium is 
reached when the current in amperes flowing through the various leakages is 
equal to this rate of charge build-up in coulombs per second. In these circum- 
stances the voltage of the vehicle is the product of the current in amperes 
through the leakage and the resistance in ohms of the leakage. 

The preliminary measurement with a galvanometer showed that when this 
was connected direct across the spark gap or in series with a resistance less than 
100 megohms a current of about 30 microamperes flowed. This corresponds 
to a rate of build-up of charge of 90,000 electrostatic units per second. 

A later development was the use of a valve electrometer, described by 
Bulgin’®, This instrument is housed in a steel tube which is directed at a 
charged surface, when the potential can be calculated from the reading of an 
attached dial if the distance of the surface from the instrument is known. 

An experimenter riding on a lorry or a bus can direct the electrometer at 
the ground and so measure the potential of the vehicle to earth while travelling. 
Alternatively, the experimenter can stand on the ground and direct the elec- 
trometer at the vehicle while it is stopping or starting. In this way a consider- 
able amount of information may be collected. 

Experimental methods—Experiments showed that when tires with the 
treads made in conducting rubber were fitted to lorries and other vehicles these 
ran at a lower potential than when fitted with standard tires, and as a result 
of several exhaustive experiments using the valve electrometer, a body of 
data was obtained. The range of voltages recorded did not include values as 
high as some of those quoted in the literature, e.g., 50,000 volts. However, it 
is not known under what conditions such values were obtained, and it is 
probable that in these cases the resistances of the tires were unusually high. 
From these data it was decided that more detailed experiments could most 
conveniently be done by running the tires on a test wheel, and a series of ex- 
periments was designed. 

The rig was of National Bureau of Standards design, with the wheel 
against which the tire runs insulated from the rim on which the tire is mounted. 
The steel axle of the rim was connected in series with a switch, a microammeter, 
and the framework carrying the steel driving wheel. The circuit was completed 
through this wheel and the test tire as shown in Figure 8. In the equivalent 
circuit, also shown in Figure 8, Ro is the direct resistance through and along the 
tread from A to C, Rr is the resistance between the tread and the center of the 
rim, Rm is the resistance of the rig from one wheel to the other (which exceeds 
10'° ohms) and Rg is the resistance of the galvanometer and the connections 
between O and C. As Rw is very large compared with Rr, it may be regarded 
as infinite. Rg on the other hand is so small compared with Rr that it may be 
neglected, and is not considered in the following discussion. 

In the tests the tire was driven at speeds of 13, 18 and 30 miles per hour. 
While the tire was rotating at a steady speed, the highest voltage on the tread 
was measured. The highest voltage occurred at the highest point of the tire, 
i.e., 90° from the point of contact. A second reading of the tread voltage was 
taken when the circuit was broken by means of the switch. 

Interpretation of results —The charges distributed around the tread of the 
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Fie. 8.—Equivalent circuit. 


tire may be regarded as equivalent to a definite charge, Q, concentrated at a 
point A, and this charge may be regarded as at a potential V (Figure 8). 

The electrometer was used to measure the various voltages around the 
tread, the maximum values on short circuit (V:) and open circuit (V2) being 
recorded. It is assumed that V is proportional to V; and V2. The various 
leakage resistances may be regarded as equivalent to a resistance R; between 
A and C through O and a resistance R2 along the tread from A to C (equal to 
Ro in Figure 8). If the current through R; is 7 and through Rz is (I — 7) the 
total current is I. In equilibrium, I + (dQ/dt) = O. 

If, as believed, dQ/dt is constant for a given speed then I should be constant 
when the tire is running: 


V = RI — 1) = Riv 


on open circuit KV = V2, i = O and R,; is infinite: 


V2 = KR.I (1) 
on short circuit KV = V; and R; = Rr: 


7 is the current through the galvanometer. 
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From Equations (1) and (2) I, KR: and KRe: can be calculated from 1, 
V; and Vs. 

Tests on tires.—Eleven 9.00 X 20 tires were run on the test wheel and their 
conducting properties compared. 

Nos. 1, 2 and 3 were new tires of standard construction. No. 4 was a 
standard tire worn uneven. No. 5 was a standard tire worn completely smooth 
and was tested when it was warm from running as well as cold when starting. 
Nos. 6, 7 and 8 were built with normal carcasses but with tread and side walls 
in conducting rubber of compositions XIX, XX and XXI respectively. No. 7A 
was identical with No. 7. No. 9 was identical with No. 8, but part of the side 
wall was cut away so that there was no connection between the tread and the 
bead except through the carcass. No. 10 was built with a normal carcass and 
tread but with highly conducting sidewalls. 

The readings obtained on the microammeter were steady, and were probably 
accurate to +2 microamperes. The voltage readings however were subject 
to considerable error for the following reasons. 


(1) The tire is not a plane surface and not large enough to subtend an angle 
of 90° at the mouth of the tube, which is the condition for accurate determina- 
tions. This means that readings are less than the true value. 

(2) To reduce the error due to (1), the tube was held closer to the tire, but 
this increased the percentage error in the distance. The actual distance was 
about 6 + 1 inches. 

(3) Voltages of over 1000 could not be read when the instrument was so 
close, and so the error due to (1) was greater for high voltages than for low ones. 


However, by reasonable care results were obtained which are thought to be 
within 50 per cent of the correct figures. 

The results for the eleven tires are shown in Table II. 

Results of tire tests—The values of V,, V2 and t have been recorded, and 
those for KR;, KR» and I calculated. The values for I have been converted 
into electrostatic units per second. The values of I at 30 m.p.h. are 24, 141, 
109, 60, 18, 90, 75, 87, 30 and 112 X 10° electrostatic units per second. These 
are remarkably close, the limits being 18 and 141 (X10 electrostatic units) 
compared with limits of 0 and 3500 in the voltages, and the trend of the values is 
in no way systematic. It seems probable then that the hypothesis that the rate 
of production of charge is constant at constant speed, irrespective of the com- 
position of the tread rubber, is true and that the variations are due to experi- 
mental errors. The mean values of I (in thousands of electrostatic units per 
second) are 33 + 10 at 13 miles per hour, 45 + 15 at 18 miles per hour, and 
75 + 28 at 30 miles per hour. 

Assuming that the value of I was the same for all tires at the same speed and 
that R: and R» were constant for all speeds on the same tire, the expected values 
of V,, V2 and 7 can be calculated, and are shown in brackets. It will be seen 
that the differences between the actual values and the theoretical values for 
Vi, V2 and 7 are within the limits of experimental error. Hence this experiment 
confirms that the rate of production of charge is approximately constant for all 
tires at the same speed and is about 75,000 electrostatic units per second at 30 
miles per hour. 

From Table 11 it will be seen that the tread and leakage resistances of the 
standard tires are all of the same order, but that the tread resistance is less in 
the case of the worn tires. This may be attributed to better contact with the 
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wheel. The various conducting tires give lower resistances than the standard 
tires, both for the tread and the leakage. Tire No. 10 made with conducting 
sidewalls and a standard tread gives a tread resistance similar to the standard 
tires and a leakage resistance comparable with the conducting tires. All these 
results are to be expected, and hold true whether the observed results or the 
theoretical results are considered. 

In the case of the tire with the cut-away sidewalls, the voltages were of the 
same order as the variable zero error (about 10-20 volts), and so could not be 
measured. No current was recorded by the microammeter. Assuming that 
the tread resistance was the same as tire No. 8 (viz., 600,000 ohms) and that 
the carcass resistance was twice that of a standard tire (t.e., about 500 meg- 
ohms), the expected voltage and current could be calculated. The voltage is 
below 15 and the current is 0.02 microamperes, well below the range of the 
instrument. Therefore the results found for this tire also fit in with the general 
theory. 

Application of theory—As V2: = KRzI and I is known for all tires, then if 
the equivalent potential of a tire at 30 miles per hour is V volts, V = resistance 
of tread in ohms X 25 X 107°. 


TABLE 12 
COMPARISON OF RESISTANCE FIGURES 

Rim-to-earth Leakage Tread Specific 

resistance resistance resistance resistance 
R KRi KR: Rs KR: 
Tire (ohm) (ohm) (ohm) (ohm-cm.) Rs 
No. 2, standard 3 X 108 1.0 X 108 1.8 X 108 | a 164 
No. 3, standard 3 X 108 4.0 X 10’ 1.9 K 108 1.1 X 106 173 
No. 6, conducting -—- 8.5 X 105 6.4 X 105 6.3 X 108 101 
No. 7, conducting — 4.4 X 10° 5.8 X 10° 3.0 X 104 193 
No. 8, conducting 1 X 10° 2.0 X 10° 6.0 X 105 4.7 X 103 128 
No. 9, cut sidewalls 1 X 108 5.0 * 108 6.0 x 105 4.7 XK 103 128 


Mean ratio KR; = 148:8.D. = 34. 
Rs 


In Table 12, values of KR; and KR, are compared with the total rim-to- 
earth resistance measured by inserting a battery in the circuit shown in Figure 8 
and recording the voltage and current while the tire is stationary. Values of 
the specific resistance are also compared, and it is seen that the ratio KR2/Rs 
= (1.5 + 0.2) X 10*. 

It follows that: 


KV = (25+ 9) X 10 X (1.5 + 0.2) X Rs = (39 + 18) X 107* X Rs 


It is found that the average value of KV for a tire of standard construction 
on the test rig is 3000, whereas the average potential of a doubledecker bus 
shod with the same tires and running at 30 miles per hour is 1000 volts. It 
seems reasonable to assume, therefore, that the potential of a bus running on 
six tires whose treads have a specific resistance of Rg ohm-cm. will be of the 
order of (13 + 6) X 10-* X Rg volts. Hence, to produce satisfactory tires, 
it is necessary to:know the maximum permissible potential, from which can be 
calculated the maximum resistivity. Compounds for use in treads can then be 
tested in the laboratory for suitability by measuring their resistivity. 

This formula can be applied to the six tires from the last experiment for 
which the tread resistivity is known, and in Table 13 the actual voltages ob- 
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tained on the rig are compared with the voltages calculated from the specific 


resistance. The ratios have been worked out, and the mean value is 1.2, with 
a standard deviation of 0.3, representing good agreement. 

These results can also be applied to the case quoted of the vehicle for which 
the estimated leakage current was 9 X 10‘ electrostatic units per second. 
According to Table II the leakage and tread resistances are approximately 
equal, so the current in each is probably the same. This would make the total 
charge generated 18 X 10‘ electrostatic units per second equivalent to 3 X 10! 
electrostatic units per second for each tire at a speed of 15-20 miles per hour. 
This compares with 4.5 X 10* electrostatic units per second for a single tire on 
the test rig at a speed of 18 miles per hour. 


TABLE 13 
ESTIMATION OF VOLTAGE ON TIRES FROM FORMULA 
Tire No. Actual voltage Calculated voltage Ratio 
2 3500 4200 1.20 
3 2500 4200 1.68 
6 15 24 1.60 
7 150 115 0.77 
8 15 18 1.20 
9 approx. 15 18 1.20 


Mean ratio = 1.2:8.D. = 0.3. 


Summary and conclusion.—In the first part of this paper a method is de- 
scribed for measuring the resistivity of rubber compounds with reasonable 
accuracy and reproducibility, and it is shown how this property is affected by 
various factors. 

In the second part it is shown how the ability to make such measurements 
was instrumental in developing highly conducting rubbers, and a compound is 
described (with a resistivity of 10 ohm-cm.) which can be processed under 
normal factory conditions. 

In the last part of the paper, the generation of static electricity by tired 
vehicles is discussed, and a theory evolved whereby the effects to be expected 
on a vehicle can be predicted, from laboratory tests of the sort described in the 
first part of the paper, to within about 50 per cent of the true value. It has 
been suggested that tires capable of reducing the effects of static electricity to 
any desired degree can be developed largely by means of these laboratory tests. 


ACKNOWLEDGMENT 


Acknowledgment is made to the Directors of the Avon India Rubber Co., 
Ltd., for permission to publish the results contained in this paper. 


REFERENCES 


1 Dawson and Porritt, ‘‘Rubber: Physical and Chemical Properties’’, Research Assocn. of Brit. Rubber 
Manufrs., Croydon, 1935; Kemp and Hermann, Proc. Rubber Tech. Conf. London, 1938, p. 893 

2 Elden, Rubber Age (N.Y.) 47, 308 (1944). 

3 Kemp and Hermann, Proc. Rubber Tech. Conf. London, 1938, p. 893. 

4 Sweitzer and Goodrich, Rubber Age (N.Y.) 55, 469 (1944) ; Bulgin, Trans. Inst. Rubber Ind. 21, 188 (1945). 

5 Newton, J. Rubber Research 15, 35 (1946). 

6 Bulgin, Trans. Inst. Rubber Ind. 21, 188 (1945). 

7 es Trans. Inst. Rubber Ind. 21, 188 (1945); Wack, Anthony, and Guth, J. Applied Physics 18, 456 


(1947). 

8 Cadwell, Handel and Benson, Am. Chem. Soc. News Ed. 19, 1139 (1941) ; Beach, Elec. Eng. 60, 202 (1941); 
Liska and Hanson, Ind. Eng. Chem. 34, 618 (1942) ; Makeown an Vouk, Trans. Am. Inst. Elec. Eng. 
62, 207 (1943); Woods, Distribution of Electricity 17, 57. 

* Cadwell, Handel and Benson, Am. Chem. Soc. News Ed. 19, 1139 (1941). 

10 Bulgin, J. Scientific Instruments 22, 188 (1945). 





spl 
pol 
nat 
of 


int 
ins 
los 
ter 
of 


acc 


am 
of | 
car 


wit 
al 
bla 


Sm 
Zin 
MI 
Fat 
Pin 
Ant 
Sul 
Acc 


r.p 
of | 
me 


befo 


Illin 





ecific 
with 


vhich 
cond, 
ately 
total 
x 10! 
hour, 
re on 


s de- 
1able 
d by 


1ents 
nd is 
inder 


tired 
scted 
n the 
t has 
ty to 
ests. 


Co., 


tubber 


1945). 


8, 456 


1941); 
. Eng. 








STABILITY OF ACCELERATORS AS AFFECTED BY 
HIGH PROCESSING TEMPERATURES * 


F. L. Hotprook anp T. H. FirzGerRautp 


Naugatuck CuemicaL Div., U.S. Ruspsper Co., Nauaatuck, Conn. 


High-speed processing of rubber compounds appears to be gaining wide- 
spread acceptance in the rubber industry. In general, this is typified by com- 
pounding in Banbury mixers operating at 40 r.p.m. Such drastic working 
naturally develops high stock temperatures, which may easily reach the level 
of 360° F. 

From an economic standpoint, it is desirable to introduce the accelerators 
into the Banbury during the latter part of the mixing cycle. In certain 
instances where this has been done, there have been reports from the field of a 
loss in accelerator activity. In view of this, a study was undertaken to de- 
termine what, if any, might be the adverse effects of processing temperatures 
of the order of 360° F on the stability of representative and commonly used 
accelerators. 

A total of twenty-two accelerators or accelerator combinations were ex- 
amined. These were picked to include the more widely used representatives 
of the five major accelerator classifications, namely thiazoles, thiurams, dithio- 
carbamates, guanidines, and aldehydeamines. 


PROCEDURE 


The testing was done with natural rubber compounds and for the most part 
with a typical tread type stock. In the case of certain of the aldehydeamines 
a nonblack mix was used because of the known retarding action of channel 
black on these particular materials. The recipes were as follow. 


Test REcIPES 


Tread type Nonblack 
Smoked sheet rubber 100.0 Smoked sheet rubber 100.0 
Zine oxide 5.0 Zine oxide 5.0 
MPC black 45.0 Whiting 50.0 
Fatty acid 3.5 Fatty acid 0.5 
Pine tar 3.5 Light process oil 3.0 
Antioxidant 1.0 Antioxidant 1.0 
Sulfur 3.0 Sulfur 3.0 
Accelerator as desired Accelerator as desired 


Mixing was carried out in a size-B laboratory Banbury operating at 116 
r.p.m., and with enough steam in the jacket to develop a stock temperature 
of 360° + 5° F, determined by a needle pyrometer thrust into the batch im- 
mediately after discharge. 

Each accelerator or combination was added to duplicate batches having 

* Reprinted from the Rubber Age, Vol. 64, No. 1, pages 57-59, October 1948. This paper was presented 


before the Division of Rubber Chemistry at the 113th Meeting of the American Chemical Society, Chicago, 
Illinois, April 21-23, 1948. 
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identical formulas and mixing cycles, but with differences in time and manner 
of accelerator addition (Figure 1). In the one instance, the accelerator was 
introduced into the Banbury two minutes before completion of the mix and thus 
subjected to the high temperatures generated (360° F). In the second in- 
stance, addition was after the Banbury operation and while the batch was being 
worked on a 6 X 12-inch sheeting mill with roll temperatures of 150° F. It 
was felt that, under these latter conditions, batch temperatures would be 
insufficient to cause impairment of accelerator activity and in the case of each 
material, performance could be considered as standard. 


PROCEDURE 
“B”" BANBURY MIXER—1000-CC. CAPACITY 
OPERATING TEMPERATURE 360° F 
TREAD MIX 
NONBLACK MIX 





ACCELERATOR ADDED IN BANBURY ACCELERATOR sills ON COOL MILL 
2 MIN. BEFORE END OF MIX (150° F) AFTER BANBURY MIX 


ALL sed ADDED ON tr (150° F) 
6 X 12-INCH MILL 


Fie. 1. 


Change in accelerator activity as affected by processing temperatures was 
based on differences in physical properties after vulcanization which were 
found to exist between a standard batch and that in which the same accelerator 
was added during the high-temperature Banbury mixing. 

Specifically, A.S.T.M. test-slabs of each stock, cured for 30, 45, 60 and 75 
minutes at 274° F, respectively, were prepared. The average tensile strength, 
300 per cent modulus, breaking elongation, and T-50 values for all four cures 
on any one stock were determined. The results have been expressed as per- 
centage retained or average change in property as between standard and “hot” 
Banbury accelerator addition. Indications of impairment of accelerator ac- 
tivity are a drop in the level of tensile strength and modulus values, and 
positive average change in T-50 and breaking elongations. Modulus was 
judged to be the most sensitive indicator. 


PROCESSING TEMPERATURE VS. ACCELERATOR ACTIVITY 


Thiazoles and thiazole derivatives——In this group, based on the behavior of 
the representative members chosen, any impairment in accelerating strength 
from processing at 360° F is considered slight. It is, therefore, concluded that 
this class of accelerators may be used safely under such conditions. It is to be 
noted that the N-cyclohexylbenzothiazyl sulfenamide did appear to have some- 
what less stability than the other accelerators tested. The results are shown 
in Table I. 

Activated thiazoles.—In this group, in which a thiazole is used as the primary 
accelerator, it is seen that slightly more impairment resulted from the high 
temperature processing than in the case of the thiazole alone. To some extent 
this may be due to impairment of the secondary accelerator. The group is 
considered generally suitable for use in high temperature processing. The 
results are shown in Table II. 
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TaBLE I 
COMPARATIVE STABILITY OF THIAZOLES IN A TREAD Stock 


(Banbury Processed at 360° F) 
Retained Average change 
Accelerator Amt. Tensile Modulus'  T-50 Elong. — 

2-Mercaptobenzothiazole 1.0 101.5% 94% +3.0° C +3.0% 
Benzothiazyl disulfide 1.0 103.0 92.8 —0.9 +6.0 
Phenylaminomethylbenzo- 1.0 104.6 93.8 +3.1 +4.0 

thiazyl sulfide 
N-Cyclohexylbenzothiazyl 0.5 97.0 77.0 +2.5 +7.0 

sulfenamide 





TABLE II 
COMPARATIVE STABILITY OF ACTIVATED THIAZOLES IN A TREAD STocK 


(Banbury Processed at 360° F) 
Retained Average change 





Accelerator Amt. Tensile Modulus. r T-50 Elongation i 


Benzothiazoyl disulfide 0.5 ° 
Diphenylguanidine os} 105.7% 88.07% +4.8° C + 4.2% 


Benzothiazoyl] disulfide 0.625 
Tetramethylthiuram 106.2 84.5 +4.0 + 8.0 
monosulfide 0.0625 


Benzothiazoyl disulfide 0.5 
anne 97. ‘ +4.1 +11.0 
ate 


ot <n be hiazol 
Mercaptobenzothiazole , 
N-Nitrosodiphenylamine : _ Io. +4.2 + 5.0 


ee some 

thiazyl sulfenamide h 

Bis-N,N’ (2 benzothiazyl- es . +3.5 + 2.0 
thiomethyl) urea 


Dithiocarbamates.—With the dithiocarbamates the effects of high tempera- 
ture (360° F) processing are damaging. It is of interest to note that the extent 
of the damage varies inversely with the chain length of the alkyl radicals 
on the nitrogen atom in the molecule. Thus zinc dimethyldithiocarbamate 
and benzal-bis-dimethyldithiocarbamate show nearly 60 per cent loss in both 
tensile strength and modulus, while for the zinc diethyl and selenium diethyl 
compounds the loss is only 35 to 40 per cent. Proceeding to the zinc dibutyl- 
dithiocarbamate, it is found to be affected less than 10 per cent. The results 
are shown in Table IIT. 

Thiurams.—Heavy damage also occurs in this group at processing tempera- 
tures of 360° F. This would be expected from the close chemical relationship 
to the dithiocarbamates. Likewise, the tolerance of high temperature seems 
to improve from the mono- to the disulfide or with an increase in weight in the 
alkyl substitution on the nitrogen atoms in the molecule. Thus, tetramethyl- 
thiuram monosulfide was found to lose significantly more of its accelerating 
value than the tetramethylthiuram disulfide, while the tetraethylthiuram 
disulfide loses still less. None of these three accelerators appears to fall within 
the range considered satisfactory for high-temperature processing. Results 
are shown in Table IV. 
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TaBLeE IIT 
COMPARATIVE STABILITY OF DITHIOCARBAMATES IN A TREAD STOCK 


(Banbury Processed at 360° F) 








Retained A verage change 
Accelerator Amt. Tensile Modulus bi ‘ T-50 Elongation : 
Zine dimethyldithio- 0.2 44.0% 39.5% +19.4° C +11.0% 
carbamate 
Zine diethyldithio- 0.2 71.8 68.8 +19.9 + 5.0 
carbamate 
Zine dibutyldithio- 0.3 95.6 90.5 + 5.9 + 2.0 
carbamate 
Selenium diethyldithio- 0.2 64.0 60.8 +18.0 + 7.0 
carbamate 
Benzal-bis-dimethyldithio- 0.3 44.5 41.3 +26.8 + 9.0 
carbamate 
TaBLe IV 
COMPARATIVE STABILITY OF THIURAMS IN A TREAD STOCK 
(Banbury Processed at 360° F) 
Retained A verage change 
Accelerator Amt. Tensile Modulus i T-50 Elongation 
Tetramethylthiuram mono- = 0.2 65.3% 39.8% +24.7° C +11.0% 
sulfide 
Tetramethylthiuram di- 0.2 78.4 55.5 +20.8 + 7.0 
sulfide 
Tetraethylthiuram di- 0.3 85.4 72.6 +20.0 + 2.0 
sulfide 


Although the loss of accelerating strength is probably a function of both 
time and temperature, for practical purposes it may be considered as dependent 
on temperature only. No significant improvement in retention of properties 
of the tetramethylthiuram monosulfide compound resulted by reducing the 
time of exposure to the high temperature in the Banbury from two minutes to 
one minute. A substantial improvement was obtained, however, by reducing 
the mixing temperature from 360° to 300° F. Probably the safe upper limit 
for processing the thiurams is in the neighborhood of 275° F. 

Miscellaneous amine accelerators.—This group consisted only of butyralde- 
hydeaniline and diphenylguanidine. In a tread stock, both these dissimilar 
accelerators were classified as intermediate with respect to stability during 
high-temperature processing. This suggests that the best application is that 
of activators for more stable accelerators. Results are to be found in Table V. 


TABLE V 


COMPARATIVE STABILITY OF MISCELLANEOUS AMINE ACCELERATORS 
IN A TREAD Stock 


(Banbury Processed at 360° F) 





Retained Average change 
¢ A ene | t - ‘ 
Accelerator Amt. Tensile Modulus T-50 Elongation 
Butyraldehydeaniline 1.0 83.8% 74.0% +3.0° C +4.0% 


Diphenylguanidine 1.75 93.5 78.4 +5.2 +1.0 
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Aldehydeamines.—As mentioned previously, the aldehydeamines studied 
were compared in a nonblack stock because of the known retarding action of 
channel black on some of them. None of the three tried showed significant 
loss in activity when processed at 360° F. Butyraldehydeaniline was found 
to be the most tolerant of high temperature. Both heptaldehydeaniline and 
triethyltrimethylene triamine, though affected somewhat more, are considered 
to have satisfactory stability. Results are in Table VI. 


TABLE VI 
COMPARATIVE STABILITY OF ALDEHYDEAMINES IN A NONBLACK STOCK 


(Banbury Processed at 360° F) 








Retained Average change 
Accelerator Amt. ‘ Tensile Modulus : T-50 Elongation Z 
Butyraldehydeaniline 0.75 100.2% 100.5% +1.0° C +2.0% 
Heptaldehydeaniline 0.35 90.1 90.2 +3.4 +8.0 
Triethyltrimethylene 1.0 100.2 93.8 +0.8 +4.0 
triamine 
SUMMARY 


In high-speed Banbury mixing, sufficiently high temperatures may be 
generated at least to partially damage some rubber accelerators and decrease 
their effective activity. Thus, at a processing temperature of 360° F, the 
following stability relationships hold. 


1. Thiazoles, thiazole derivatives, and activated thiazoles show little loss 
of activity. 

2. Thiurams and dithiocarbamates may be severely affected. 

3. Guanidines, as represented by diphenylguanidine, are only moderately 
affected. 

4. Aldehydeamines range in stability from moderate to good. 


This effect of high temperature on accelerator stability may be considered 
as constituting a processing hazard. 

The proper selection of accelerators and the careful consideration of any 
processing changes which may significantly increase temperature minimize 
the danger and allow avoidance of harmful results. 

The fact that some accelerators are relatively unstable at high temperatures 
does not preclude their use. It is simply necessary to incorporate these ma- 
terials into the mix at a sufficiently low temperature, such as that at which it is 
normally considered safe to add sulfur. 
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BASIC REACTIONS OCCURRING DURING RUBBER 
RECLAIMING. II. THE INFLUENCE OF SOLVENT 
NAPHTHA, STORAGE OF RECLAIM AND 
AGING OF SCRAP PRIOR TO RECLAIM- 

ING, AND INFRARED SPECTRA OF 
NATURAL RUBBER RECLAIM * 


D. S. Le Beau 


Mipwest Rusper Reciarmine Co., East St. Louis, ILirNors 


A previous investigation! of the reactions which occur during various periods 
of time of rubber reclaiming in the presence of solutions of defibering agents or 
in open steam showed the predominating influence of the reclaiming medium 
and its acidity and alkalinity on the course of these reactions. No change could 
be observed in the unsaturation of water-digested or metallic chloride-digested 
reclaims, and only a very small amount of unsaturation appeared lost at and 
beyond nine hours of heating at 196° C in alkaline medium or in open steam. 
It was felt, however, that the value obtained for the unsaturation of the various 
reclaims, even though composed of two or more check analyses in each case, 
might not reflect the permanent introduction of small percentages of oxygen 
into the rubber molecule. The presence of even small percentages of C=O 
and COH groups would, however, be detectable by infrared analysis. 


INFRARED SPECTROGRAPHY 


For examination by infrared spectroscopy, four reclaims were prepared by 
heating the pure-gum compound previously studied! in finely comminuted 
condition, in the absence of any reclaiming oils, for nine hours at 196° C in a 
digester! in the presence of either alkali, water, or metallic chloride solutions 
and also in open steam (heater). These reclaims were washed to pH of 7, 
dried in vacuum, sheeted out on a rubber mill, and fastened on a framelike 
sample holder of 1 X 2-inch size. Experiments showed that a sheet thickness 
of 0.003—0.005 inch was adequate in its infrared transpareacy. Other investi- 
gators? had also reported this range of thickness as appropriate in transparency 
when studying pure-gum compounds. 

This method was preferred to the formation of a film by evaporation of a 
rubber solution because, in the case of reclaim and particularly of reclaims 
prepared in the presence of metallic chlorides, such film formation would have 
involved the use of mechanical force to achieve adequate dispersion of the 
reclaim in the solvent. Care was taken to permit a time interval of 4—6 weeks 
between the sheeting out of the samples and their infrared analysis. Hydro- 
peroxides which were undoubtedly formed during the mill sheeting would have 
deteriorated within that period and thus would not appear in the infrared ab- 
sorption spectrum. ‘The smoked sheet from which the natural-rubber gum 


* Reprinted from the India Rubber World, Vol. 119, No. 1, pages 69-74, October 1948. This paper 
was presented before the Division of Rubber Chemistry at the 113th Meeting of The American Society, 
Chicago, Illinois, April 21-23, 1948. 
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compound had been originally prepared, as well as the various compounding 
ingredients, and the unvulcanized and vulcanized compound were also subjected 
to infrared analysis. Acetone extraction of the samples, however, was avoided 
because of the great susceptibility of the alkali-treated rubber to oxidation 
after complete extraction. 

While the unvulcanized and also the vulcanized natural-rubber gum com- 
pound showed, as usual‘, some absorption at 2.74 (OH group) and at 5.8u 
(C=O group), hardly any trace could be found in the spectra of the water- 
digester and metallic chloride-digester reclaims prepared from it. The heater 
reclaim, however, and, more so, the alkali-digester reclaim showed some absorp- 
tion in these regions, though not so much as either the unvulcanized or the 
vulcanized original compound. (The storage stability of alkali reclaims—as 
discussed and shown later on—is smaller than that of metallic chloride or 
water-digester reclaims). The presence of aldehyde groups in the reclaims 
could not be determined because of the closeness of the aldehyde absorption 
band to that of the C=O absorption band. The absorption band at 6.5u 
previously found in gum compounds and attributed to impurities* was also 
found in the spectra of the present samples. Fat acids show strong absorption 
at 6.54. The pure-gum compound used for this investigation contained stearic 
acid, and the samples had not been acetone-extracted for reasons mentioned 
above. 

It is interesting to note that, in the spectrum of the alkali reclaim, this band 
appeared to shift to 6.364. This would seem to make the explanation advanced 
for it by other investigators® plausible, particularly if it is kept in mind that 
these samples had not been extracted with acetone. 

The possibility of either intermolecular or intramolecular ether linkages 
(C—O—C) cannot be determined at present because the various vibrational 
possibilities of such a group have not yet been clearly established. If such 
linkage should occur, however, it cannot be to any greater extent at the double 
bond, because no loss in unsaturation was found for metallic chloride or water- 
digested reclaims, and only a small loss in unsaturation in alkali or open steam 
reclaims. Should such ether linkage occur to any greater extent at the a 
carbon atom, we could expect that revulcanization of the reclaim and quantita- 
tive oxidation of the reclaim by chromic acid’ should be affected by it. Even 
though the accuracy of this latter oxidation method cannot be compared with 
that of infrared analysis, the data available* at this time show that, unless re- 
claiming is carried out under exaggerated oxygenating conditions, the quantita- 
tive oxidation of reclaimed rubber by chromic acid is very close to that of 
vulcanized rubber. The possibility, however, of an ether linkage cannot yet 
be ruled out completely. 

From the chemical data previously obtained', as well as from the spectro- 
scopic data, it can be concluded that permanent oxidation of the rubber mole- 
cules plays a very small part in the reclaiming reactions, if indeed it occurs at 
all. Keeping in mind, however, the important role which oxygen has been 
found to play in the reclaiming processes’, it can be concluded also that oxygen 
does exert a temporary influence, by taking part in reactions which do not lead 
to its permanent introduction into the rubber molecules, provided, of course, 
that the reclaiming process is not conducted under exaggerated oxygenating 
conditions. (A reclaiming time interval of nine hours at 196° C in the digester 
can be considered as one in fairly general use throughout the reclaiming indus- 
try. Heater reclaiming during such an interval and at such a temperature is, 
however, longer than usually practiced.) 
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THE EFFECT OF SOLVENT NAPHTHA 


Experiments carried out about two decades ago! have shown that the tensile 
strength of a vulcanized tread compound deteriorates very rapidly as the tem- 
perature and the time of heating in open steam are increased. These experi- 
ments were repeated to see whether progress in the art of compounding with 
respect to vulcanization might have caused any essential change in breakdown 
of the physical properties of the rubber compound. Results very similar to the 
original experiments were obtained. However, when the tread compound was 
first immersed in solvent naphtha until approximately 15 per cent of it by 
weight had been taken up and was then subjected to the same heat treatment, 
there was less deterioration in physical properties up to heating periods of nine 
hours at 196°C. Therefore it seemed of interest to determine the effect of 
solvent naphtha on the molecular breakdown of the rubber hydrocarbon during 
reclaiming. It is well known that the proportion of solvent naphtha used for 
reclaiming depends on the time and the temperature of reclaiming as well as on 
the state of cure of the scrap and the compounding ingredients contained in it. 
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For the purpose of evaluating the effect of solvent naphtha on the reclaiming 
reaction, from 10-30 per cent was added to a natural-rubber gum compound 
whose reclaiming reactions without the addition of oils had previously been 
studied'. The solvent used was coal tar naphtha. This range was considered 
large enough to cover the range of 5-15 per cent of solvent naphtha usually 
added to filler-loaded scrap during practical reclaiming operations. The 
solvent naphtha was slowly added to the scrap while being stirred and before 
the addition of any defibering agents. Reclaiming was carried out in the di- 
gester in the presence of water, metallic chloride, or alkali, and also in open 
steam (heater). Washing, drying, and analyses of the reclaims obtained 
in this way were carried out as already described’. It is to be understood, 
however, that the percentages of solvent naphtha recorded are only approxi- 
mate, since some evaporation is bound to take place even during the short 
time between mixing and actual reclaiming. 

Figure 1 shows the effect of solvent naphtha on the unsaturation of the 
reclaims prepared in open steam and in a digester (water). A decrease in 
unsaturation of the rubber will be noted in both cases; however, the reclaim 
prepared in the digester (water) shows less decrease in unsaturation than that 
prepared in the heater. Reclaims prepared in the presence of 10 per cent 
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solvent naphtha exhibit less unsaturation than those prepared in the presence 
of 20 per cent solvent naphtha, and the latter gives less unsaturation than 
reclaims prepared in the presence of 30 per cent solvent naphtha. Thus un- 
saturation of the reclaim increases again as the percentage of solvent naphtha 
is increased, but it does not reach the value originally obtained for reclaims pre- 
pared without solvent naphtha. The acetone extracts of these reclaims hardly 
change at all after an initial increase. The curves for the chloroform extracts 
(Figure 2) show that progressively increasing proportions of solvent naphtha 
cause a progressive increase in the chloroform extract of the digester reclaims. 
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Fig. 2. 


The rate of chloroform extraction was found to be highest for short reclaiming 
intervals. The rate of molecular breakdown, however, increases even for 
longer periods of reclaiming as the proportion of solvent naphtha is increased. 
While this increase in total chloroform extractable substances due to solvent 
naphtha is considerable for digester-water reclaims, it cannot compete with the 
great increase in molecular breakdown obtained under identical conditions but 
for reclaims prepared in the heater. 

It was of interest to study the changes which solvent naphtha might bring 
about in the reclaiming reactions in acid or alkaline defibering media (Figure 3.) 
Although in each case solvent naphtha increased considerably the molecular 
breakdown, the overall trend and grouping of the curves, as previously ob- 
served for reclaims prepared in the absence of solvent naphtha, did not change. 
If the curves obtained for the unsaturation values of the water-digester and 
alkali-digester reclaims obtained in the presence and absence of solvent naphtha 
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Fic. 3.—Influence of solvent naphtha and defibering agents. 


(Figure 4) are compared, the identical trend becomes still more evident. It 
can again be concluded, therefore, that the course of the reclaiming reaction 
is conditioned by the acidity or alkalinity, of the surrounding medium, and is 
accelerated and amplified only by the presence of solvent naphtha. 

The decrease in unsaturation and particularly the greater decrease in un- 
saturation obtained from reclaims prepared in the presence of smaller propor- 
tions of solvent naphtha appear puzzling and can be explained on a tentative 
basis only. Keeping in mind that part which oxygen undoubtedly plays in the 
reclaiming of natural rubber, we can expect that access to oxygen would be 
greater in a rubber polymer where the molecular chains have been pried apart 
to a certain extent. The absorption of 10 per cent of solvent naphtha does not, 
however, permit a great amount of prying apart of the molecules, nor is all of 
the space between the molecules taken up uniformly by solvent naphtha mole- 
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Fig. 4.—Unsaturation values for water- and alkali-digester reclaims 
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cules. This nonuniformity causes some strain and deformation of some of the 
rubber molecules. If oxygen accessibility plays any part in the reclaiming 
reaction, we would expect a greater decrease in unsaturation in the reclaim 
prepared in open steam (heater) in the presence of smaller proportions of 
solvent naphtha than in a digester-water reclaim of similarly composition. 
The experimental results seem to bear this point out. It is impossible for the 
moment to determine what kind of change has taken place in the rubber 
molecule to cause the decrease in unsaturation. Intramolecular bridging ap- 
pears less plausible than intermolecular bridging. Infrared analysis might 
give a clue to the kind of reaction which occurred; however, the possibility 
cannot be dismissed that, despite careful acetone extraction, some component of 
the solvent naphtha may remain in the reclaim, even if only in very small 
proportions, and thus disturb the interpretation of an infrared spectrogram. 
It seems fairly improbable, though, to expect this decrease in unsaturation 
to be caused by a primary chemical bond between rubber and solvent naphtha 
molecules. If this were to occur, we could certainly expect the reclaims pre- 
pared in the presence of 20 and 30 per cent solvent naphtha to show a decrease 
in unsaturation still more pronounced than that obtained with 10 per cent 
solvent naphtha. Actually the opposite condition exists, as shown by the 
experimental data. As the percentage of solvent naphtha is increased, the 
rubber chains are pried farther and farther apart, and distribution of the solvent 
naphtha molecules between the rubber chains can be considered to become 
more uniform. Therefore reactions between the rubber molecules are less 
likely to occur, because combination by chemical forces becomes more difficult 
as the distances between two rubber molecules increase. Furthermore, the 
greater proportions of solvent naphtha molecules can be expected to have a 
blocking effect. 


EFFECT OF RECLAIM STORAGE 


The practical effects of storage on reclaim are well known. In general, a 
decrease in chloroform extract has been noticed. The phenomenon was studied 
in greater detail over a period of weeks with two whole-tire reclaims". Tire 
reclaims, however, contain carbon black, and the insolubilization of the low 
molecular rubber hydrocarbon component by carbon black is a phenomenon 
encountered both in synthetic as well as in natural rubber carbon black com- 
pounding. Therefore the decrease in the chloroform extract of whole-tire 
reclaims may be due at least to three factors: reclaiming oils, carbon black, and 
instability of the reclaim rubber hydrocarbon itself. The latter factor can 
cause either a decrease or increase in chloroform extract of the reclaim. If the 
reclaiming reactions proceed on the basis of hydroperoxidic chain reactions, 
instability of the rubber hydrocarbon during storage can be expected. Also, 
such instability should tend to increase the amount of chloroform extract during 
storage. On the basis of this condition, it would be expected that the shorter 
the reclaiming interval, the more unstable a reclaim should be produced!. 
Furthermore, it can be expected that, under hydroperoxidic reaction conditions, 
alkali reclaim should prove the least stable’ and digester-water and digester- 
metallic chloride reclaims should be similar in their behavior, but more stable 
than the former. 

An increase in the chloroform extract during storage would not, however, 
preclude the simultaneous recovery of the reclaim or the chloroform extractable 
substances in it. Not only might the chloroform extract increase, but the 
molecular weight of the chloroform extractable rubber might also increase 
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during storage. Chloroform is known to be an excellent solvent for rubber 
hydrocarbon, and for this reason is not used in the fractionation of the latter. 
It is possible that the chloroform extractable fraction of the reclaim increases 
in molecular weight, yet remains soluble in chloroform. Viscosity determina- 
tions of the chloroform extract would probably answer this question. 

To study the effect of storage on the reclaim hydrocarbon, the digester 
(alkali, water, or metallic chloride) reclaims and the open steam (heater) 
reclaims prepared for a previous study! were stored at 80° F and 50 per cent 
moisture for seven months. Reclaims prepared in the presence of 20 per cent 
solvent naphtha and described above were likewise stored. Figure 5 shows 
the acetone extracts from the metallic chloride and alkali treated reclaims. 
The metallic chloride-digester reclaim exhibits a slight increase in the acetone 
extract during storage. The presence or absence of 20 per cent solvent naphtha 
during reclaiming does not seem to affect this condition to any great extent. 
The alkali-digester reclaim shows a considerable increase in acetone extractable 
substances during storage; the greatest increase occurs in reclaims subjected 
to short reclaiming times. Solvent naphtha appears to exert a stabilizing 
influence on the formation of acetone extractable substances. The increase 
in acetone extract, though still pronounced and still greater for short reclaiming 
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Fig. 7.—Effect of storage on digester (alkali) reclaim. 


times, is not so great as that of the reclaims prepared in the absence of solvent 
naphtha. 

Figure 6 shows the change in chloroform extract in metallic chloride-digester 
reclaim during an identical storage period. The chloroform extract has in- 
creased, and again the presence of solvent naphtha during reclaiming appears 
to stabilize the reclaim. Figure 7 records the results obtained from the storage 
of alkali-digester reclaim. The increase in the chloroform extract of the re- 
claims prepared without solvent naphtha is considerable; the greatest increase 
occurs in those alkali reclaims subjected to short reclaiming periods. The 
presence of solvent naphtha during reclaiming, however, exerts a pronounced 
stabilizing effect on the molecular breakdown during storage. The chloroform 
extracts of the fresh and the stored reclaim remain almost constant. Figure 8 
represents the data obtained for the acetone extracts of water-digester reclaim. 
While the water-digester reclaim prepared in the absence of oils exhibits a 
noticeable increase in the acetone extract during storage, this effect seems 
blocked, and the reclaim appears stabilized by reclamation in the presence 
of solvent naphtha. Figure 9 represents data obtained for the chloroform 
extract of the two corresponding water-digester reclaims. Here too the 
increase in chloroform extract during storage of the reclaim prepared in the 
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absence of solvent naphtha is appreciable. The greatest increase in chloroform 
extract again occurs in reclaims subjected to short reclaiming periods. The 
same kind of reclaim prepared in the presence of solvent naphtha is much more 
stable. 
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Reclaims prepared in open steam (heater) with or without solvent naphtha 
show little change in their chloroform extracts during storage. Formation of a 
considerable amount of acetone extractable substances, however, can be no- 
ticed during storage, regardless of whether the reclaim was prepared in the 
presence or absence of solvent naphtha. 

A decrease in unsaturation of all the reclaims occurs during storage. This 
decrease is small, yet is consistent and equal for reclaims prepared in the 
presence of solvent naphtha. Table 1 records the values obtained for reclaims 
three weeks and seven months of age. 


TABLE | 
PERCENTAGE UNSATURATION CORRECTED FOR ACETONE EXTRACT 





Digester 
Hours of Digester Digester metallic Open steam 
noeieg alkali water chloride heater 
196° C '3 Wks. 7Mos. 3 Wks. 7Mos.. ©3Wks. 7Mos.. 3Wks. 7 Mos. 
3 86.3 83.5 86.5 80.0 86.5 —_ 86.5 — 
6 84.5 82.5 86.5 81.5 —- 80.5 86.5 85.0 
9 84.0 82.0 86.8 82.0 87.0 81.0 86.0 84.5 
12 83.3 77.0 86.0 82.5 86.5 — 84.5 78.5 
16 83.0 76.5 87.0 83.0 86.0 83.5 83.0 76.0 


Storage of the chloroform-extractable rubber hydrocarbon over a period 
of seven months hardly changed its unsaturation. 

From the data on the stability of reclaim during storage, it can be concluded 
that solvent naphtha exerts a stabilizing influence on digester (alkali, water, 
or metallic chloride) reclaims. The decrease usually noticed in the chloroform 
extract of production reclaims may be due to rearrangement of the carbon 
black dispersion during storage and also to the influence of the reclaiming oils. 
The changes which take place during the storage of reclaim are influenced by 
the acidity and the alkalinity of the medium in which the reclaiming was 
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originally conducted. Short reclaiming times, as expected, result in reclaims 
of greater instability on storage. 


EFFECT OF AGING OF THE SCRAP BEFORE RECLAMATION 


It has long been known to the reclaimer that scrap which has been more 
oxidized during use can be reclaimed with greater ease. None of the present 
aging tests, however, fully simulate the aging of rubber under service condi- 
tions. To study the effect of aging of scrap on reclaiming, a medium of arti- 
ficial aging was desired which would not permit too uneven an attack on the 
rubber by oxygen. It was decided, therefore, to use a Geer oven at 70° C for 
160 hours. The natural-rubber compound previously described! increased 
from 5.4 to 6.3 per cent in acetone extract during this aging period. The 
chloroform extract increased from 0.6 to 2 per cent, but the unsaturation re- 
mained steady. The scrap was permitted to recover for at least 24 hours after 
aging before it was subjected to grinding and reclaiming. 
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Fria. 11.—Effect of aging of scrap. 


Figures 10 and 11 record the effect of aging scrap on the formation of acetone 
extract during various reclaiming processes. The two curves for the fresh and 
the aged scrap run almost parallel in the case of the water-digester and metallic 
chloride-digester reclaims; the formation of acetone extractable substances 
during reclaiming is only slightly influenced by the oxidation which takes place 
before reclaiming. If, however, aged scrap is reclaimed in the digester in the 
presence of alkali, a considerable amount of acetone extractable substances is 
formed during reclaiming. Figure 12 shows the effect of aging scrap before re- 
claiming on the chloroform extract of the reclaim. The chloroform extract of 
the digester (water or metallic chloride) reclaims is increased by aging the scrap. 
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Fic. 12.—Effect of aging of scrap. 


The greatest increase in chloroform extract, however, is found for alkali digester 
reclaim and, in particular, for the short reclaiming times of this reclaim. This 
indicates that a small amount of secondary oxidative attack of the rubber 
hydrocarbon facilitates molecular breakdown. The possibility of such a reac- 
tion has already been mentioned”. Aging of scrap before reclamation, how- 
ever, does not affect the relative position of the curves; t.e., the surrounding 
atmosphere during the reclaiming process still has a dominant influence on 
the reclaiming reactions. 

The unsaturation of reclaims prepared from aged scrap is hardly different 
from that of reclaims prepared from fresh scrap. It can be expected, however, 
that if aging is carried to a greater extent, changes in the unsaturation of the 
reclaims would occur. 


SUMMARY AND CONCLUSIONS 


Infrared analyses of digester (alkali, water, or metallic chloride) reclaims 
and of heater reclaim show that permanent combination of oxygen with rubber 
hydrocarbon molecules with formation of C=O or OH groups does not occur 
during the reclaiming of natural rubber. It is not possible to detect the forma- 
tion of C—O—C bonds. Chemical considerations indicate that, if such bonds 
are formed, they are not present to any great extent. 

The presence of solvent naphtha during reclaiming decreases the unsatura- 
tion of both digester and heater reclaims. This decrease is greater if small 
amounts of solvent naphtha are present. A tentative explanation, based on 
the swelling of the rubber and taking into account the strong dependency of the 
chemical bond formation on the distances between the molecules, is offered. 

Molecular breakdown of the rubber is highly accelerated and amplified by 
the presence of solvent naphtha, but the course of the reclaiming reactions are 
not changed, and they still depend on the surrounding reclaiming medium and 
its acidity or alkalinity. 

The stability of reclaims during storage is also influenced by the surround- 
ing medium during the original reclaiming. Short reclaiming times and alka- 
line reclaiming media give the least stable reclaims. Such behavior can be 
expected if hydroperoxidic chain reactions take place during the reclaiming 
processes. 
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The presence of solvent naphtha during the reclaiming process brings 
about greater stability of the reclaim during storage. 

Aging of scrap before reclaiming promotes greater molecular breakdown, 
particularly during short reclaiming times and in the presence of alkali. 
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ANALYSIS OF NATURAL AND SYNTHETIC RUBBER 
BY INFRARED SPECTROSCOPY * 


H. L. DinsmorE AND Don C. SmitH 


Nava. Research LABORATORY, WasHinaton, D. C. 


This report describes an investigation of the applicability of infrared spectro- 
scopic methods to the quantitative determination of the elastomer composition 
of industrial rubber products. Generally satisfactory techniques for obtaining 
a valid spectrum of the elastomer content of any rubber specimen have been 
developed and evaluated and have been applied to the development of de- 
tailed analytical procedures for the identification and qualitative analysis of 
elastomer mixtures, to the quantitative analysis of natural-GR-S blends, and 
to the determination of the nitrile content of nitrile copolymers. An accuracy 
corresponding to +1 per cent average error has been obtained in these determi- 
nations. The methods can be extended to analogous problems with a minimum 
of alteration, and the same order of accuracy can be expected in general. 
A discussion of the correlations between spectral absorption and molecular 
structure is also included. 

Infrared spectroscopy is finding increasing application as a means for the 
identification of organic materials and the analysis of complex mixtures'. 
Spectroscopic methods are not only rapid and generally conservative in sample 
requirements, but the results are often more specific than those obtained by 
chemical analysis, distillation, etc., and in many cases furnish detailed struc- 
tural information of importance to research and development. The advantages 
of infrared analysis are that: (1) the spectrum of a molecule is a unique physical 
property which is not altered by any changes in which molecular identity is 
maintained, and (2) the individual features of the spectrum relate in a definite 
manner to the chemical bonds comprising the molecule and can thus be in- 
terpreted, regardless of the total configuration. 

Procedures for the accurate determination of the identities and proportions 
of the elastomers present in a finished product are needed throughout the 
rubber industry for control and specification. With the ever-growing number 
and variety of substitutes for rubber and special-purpose synthetics incor- 
porated in manufactured goods, either singly or as blends, the problem facing 
the rubber analyst has become increasingly complex and well beyond the scope 
of conventional chemical methods. In addition, analytical methods which 
allow the study of polymer structure should prove significant in the develop- 
ment of new polymers and in the evaluation of polymerization techniques. 

Several investigators have recognized the advantages of employing a 
physical means of investigation by which the various types of chemically inert 
molecular structures in polymers can be studied without changing their identi- 
ties or proportions. Infrared methods have been significant, for example, 
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in exploring the mechanism of polymer formation* and in studying vulcaniza- 
tion? and oxidation‘. Considerably less has been done to develop infrared 
methods into routine procedures for specifications of rubber products. This 
is undoubtedly due, in a large part, to experimental difficulties encountered in 
the spectroscopic examination of vulcanized and reénforced rubbers. An at- 
tempt to overcome these difficulties was made by Barnes and coworkers‘, who 
developed a procedure for the analysis of natural rubber-Buna-S blends in 
tread, carcass, and tube stocks. Although their results were satisfactory for 
purposes of the study, the accuracy did not appear as good as might be ex- 
pected, and the data presented did not permit any conclusive evaluation of the 
procedure, particularly in regard to the extension of the method to other 
elastomers. 

This paper describes the results of an extensive study of the applicability 
and limitations of infrared methods for the identification and quantitative 
analysis of the elastomer content of commercial articles of natural rubber and 
some of the common synthetics. The first phase of the work was concerned 
with determining valid absorption spectra of the various pure elastomers. 
These reference spectra were required to evaluate the spectral basis for identifi- 
cation of elastomers and for later use in identifying any spectral effects not 
directly related to elastomer composition. A second phase was concerned both 
with the development of a satisfactory technique for spectral examination 
of a compounded and cured rubber and with the determination of the extent to 
which the spectral absorption so obtained is related to elastomer composition, 
as distinguished from other spectral effects of the history or state of the sample, 
etc. The necessity of removing fillers which render the sample too opaque for 
quantitative spectral study and the additional advantages of eliminating all 
effects of nonrubber components from the spectral results dictated the use of 
procedures involving isolation of the elastomer content as a preliminary step. 
In this connection, solvents for cured elastomers and methods for removal of 
colloidal carbon from rubber solutions have received special attention. A third 
phase was concerned with the development and evaluation of detailed pro- 
cedures for certain analyses which are of practical importance and which il- 
lustrate the general feasibility of quantitative applications. 


GUM ELASTOMERS 


The problem of determining reference spectra, i.e., the correct spectrum of 
the pure rubber hydrocarbon, is best approached by the study of gum rubbers 
wherein the elastomer chains are already large compared with the polymerizing 
units (or monomers), but where modifying effects such as may accompany 
compounding, curing, aging, etc., have not yet been introduced. Thirteen 
gum samples comprising seven different classes of elastomers were used for this 
purpose. The samples were 97 per cent pure elastomer, the remainder chiefly 
antioxidant, and were as follows: Natural smoked sheet rubber, Lee pure-gum 
cement, tube reclaim, GR-I, Neoprene-GN, Neoprene-ILS, GR-S, Chemigum 
N-1, Hycar-OR-15, Butaprene-NF, Perbunan-35, Thiokol FA, and Thiokol-RD. 

Preparation of the sample-—The gum samples were prepared for spectro- 
scopic examination by: (1) solvent extraction of antioxidant and all soluble 
impurities; (2) solution of the elastomer in a suitable solvent; (3) removal of 
excess solvent by evaporation; and (4) preparation of films on rock salt or 
potassium bromide plates for spectroscopic study. Commercial grade ethyl 
alcohol (95 per cent) was used for extraction in the standard A.S.T.M. rubber 
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extraction assembly (1) consisting of 400-cc. flask, siphon cup, and water- 
cooled tin-coil condenser. Solubility and ensuing gelation prohibited the use 
of other solvents such as benzene, chloroform, and acetone. A 2-gram sample 
was cut into thin strips and placed in parallel rows on a filter paper, so as not 
to be in contact when the paper was rolled. Two or three 80-ce. portions of 
solvent were used, and the progress of extraction was followed by noting the 
coloration. On the basis of subsequent spectra, continuous extraction for 24 
hours was shown to be sufficient. 

Solutions of the various elastomers were made at room temperature to 
minimize possible decomposition or alteration of the elastomer. The solvents 
used were of standard technical grade, and contained no nonvolatile substances. 
Of the solvents investigated, only ethylene dichloride satisfactorily dissolved 
all the elastomers studied, including the Neoprenes. Methylethyl ketone was 
very effective for nitrile copolymers, but not for the others. Natural rubber, 
Thiokol-FA, GR-I (Butyl), and GR-S dissolved readily in several solvents. 
The average requirement was 40 to 60 cc. of solvent per gram of rubber. 
The solutions obtained were transparent, but exhibited light colors, probably 
from oxidation. Solution of the more soluble elastomers was accomplished 
merely by 6 to 8 hours’ mechanical shaking of the rubber with solvent. This 
simple technique did not prove satisfactory for Neoprene and nitrile copolymer 
types because of the persistence of a gelatinous structure despite the use of 
excessive quantities of solvent. Solution was accomplished far more rapidly 
and effectively by mixing rubber and solvent in a Waring Blendor®. (All 
rubber gaskets were replaced by gaskets of felt between outer ones of lead.) 
This technique readily reduced gels to thin homogeneous mixtures and per- 
mitted satisfactory preparation of all samples in a minimum quantity of solvent. 
Generally, the rubber was allowed to soften and swell in the solvent for 2 hours, 
then blendorized for 10 to 20 minutes. Tube reclaim was treated as an excep- 
tion to the gum samples, since it contained a mineral filler and was considerably 
less soluble. It was extracted by a 32-68 blend of acetone-chloroform, and was 
dissolved by refluxing with a 20-80 blend of xylene and p-cymene. The filler 
was removed by centrifugation. 

The solution of polymer was concentrated to a viscous mucilage suitable for 
film spreading by evaporation on an A.S.T.M. gum bath at 80°C. Stirring 
by hand adequately eliminated gel formation resulting from localized surface 
evaporation. Although vacuum distillation was also employed successfully, 
the former method was preferred, for it permitted simultaneous evaporation 
of several solutions. Films of uniform thickness were prepared on sodium 
chloride or potassium bromide plates by spreading the concentrated mucilage 
between parallel spacers, as shown in Figure 1. Thirty minutes’ standing 
was allowed for final solvent evaporation. The appropriate film thickness for 
useful spectroscopic measurements was determined by trial preparation of 
films of several thicknesses and subsequent spectral measurement at the com- 
mon 6.9 mu carbon-hydrogen band, where the absorption should be between 
80 and 90 per cent. Three sets of spacers—0.05, 0.10, and 0.20 mm.—enabled 
suitable films to be obtained in all cases. In the case of nitrile copolymer 
samples, solvent removal was generally stopped prematurely to avoid serious 
gelation, and films of suitable thickness were obtained by spreading successive 
films on one another. 

All spectroscopic measurements were made using a large recording prism 
spectrometer of high resolving power’. As recorded, the spectra consisted of a 
pair of traces measuring (as percentage full-scale) the energy transmitted by 
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METHOD OF FILM SPREADING 


ETAL SPACERS 


ROCKSALT PLATE 








PLATE 


FILM OF SAMPLE 





Fic. 1.—Method of film spreading. 


the sample and by a blank plate as a function of wave length (on a nonlinear 
scale), A percentage transmittance spectrum of the sample was obtained by 
measuring the ratios of corresponding ordinates, and the spectrum was tran- 
scribed (using calibration data) to linear wave-length charts. Under normal 
operating conditions, wave-length measurements were considered accurate to 
+0.01 mu from 2 to 15 mu, and percentage transmittance measurements were 
reproducible to about +1.0 per cent. 

Discussion of results—Several satisfactory spectra were obtained over the 
2- to 14-micron range for each elastomer studied. Beyond 14 mu the absorp- 
tion was too weak for analytical purposes, and the results are not included. 
A set of these reference spectra shown in Figure 2 establishes the fact that the 
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seven different classes of rubber examined possess characteristically different 
spectra. The qualitative spectral differences correspond to basic differences 
in polymer structures, and furnish an adequate basis for spectroscopic identifi- 
cation of each class. On the other hand, close similarity exists among the 
spectra of elastomers which are members of the same basic class of polymer or 
copolymer, as for the two Neoprene polymers or the five nitrile copolymers 
(not all shown). The differences here are quantitative and, though less ob- 
vious, are significant if the proportions of the various structures comprising the 
elastomer are of interest. 

In addition to the fact that the use of pure samples assured good reference 
spectra, the validity of the spectra obtained was established by their close 
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FIG.2 - SPECTRA OF PURE GUM ELASTOMERS 
Fic. 2.—Spectra of pure gum elastomers. 
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reproducibility during extensive duplication of sample preparation and spectral 
measurement. For nearly all preparations, duplicate films were studied to 
determine the reproducibility in film preparation and spectroscopic measure- 
ment. In several cases the entire preparation was carried out in duplicate so 
that the reproducibility of the overall method of study might be established. 
Finally, a number of samples were prepared by alternative procedures, using 
different solvents and solution methods, so that the influence, if any, of par- 
ticular preparation features on the final spectrum might be shown. In all 
cases (in which the method of preparation was adequate) virtually perfect 
reproducibility of spectra was obtained, showing definitely the reliability of the 
overall method of study and the sole dependence of the spectrum on the 
elastomer itself. The spectra obtained are, therefore, considered accurate 
reference spectra of the pure rubber hydrocarbons. 


COMPOUNDED AND CURED ELASTOMERS 


The problem of developing suitable procedures for preparing a commercial 
rubber product for spectral examination and of determining the spectral ac- 
curacy and reproducibility obtainable for differently cured and compounded 
elastomers was solved by extensive experimental work, involving both dupli- 
cate runs and many variations in procedure. A particular aim was to find a 
single procedure of such scope that in examination of any unknown specimen 
by this procedure the possibility that any elastomer would escape quantitative 
treatment would be negligible. In investigating this two-fold problem, eighteen 
compounded specimens were studied. These specimens were compounded from 
the gum elastomers previously studied, and included a great variety of mixes 
and types of cure, which were considered fully representative of industrial 
products in variety and character. The carbon blacks employed were Ther- 
max, Furnex, Statex-B, and P-33; thirty different accelerators, antioxidants, 
inhibitors, tackifiers, plasticizers, etc., were used. The maximum sulfur con- 
tent was 3 per cent, maximum carbon black 50 per cent, maximum zinc oxide 
10 per cent, and maximum cure 50 minutes at 300° F. The method used for 
preparation and study of these specimens comprised: (1) preliminary milling 
of the sample; (2) extraction of organic additives; (3) solution of the elastomer ; 
(4) removal of the filler; and (5) evaporation of the solvent to obtain a trans- 
parent film of pure polymer for spectroscopic examination. 

Experimental.—Extraction and solution of the sample were facilitated by 
preliminary milling. This comprised several passes through a standard roll 
mill at room temperature, after which the shredded rubber was chopped in a 
Wiley laboratory mill to pass through a No. 20 screen. A 32-68 blend of 
acetone-chloroform was used with the standard A.S.T.M. extraction assembly*® 
for extraction of organic additives and impurities. Continuous extraction for 
24 hours with two or three 80-cc. portions of solvent was satisfactory. 

Reflux temperatures above 100° C appeared necessary to dissolve all cured 
rubbers, especially the Neoprene and nitrile rubbers. Solvents boiling above 
190° C, however, were not considered because of the difficulty of subsequent 
solvent removal and the importance of minimizing decomposition of rubber or 
solvent which might accompany severe heating. Technical grades of the sol- 
vents were distilled before use to eliminate higher-boiling components and 
gum-forming impurities. Of the solvents investigated, only o-dichlorobenzene 
successfully dissolved all samples, including Neoprene-ILS and the nitrile 
copolymers, and was eminently satisfactory with respect to purity and inert- 








578 RUBBER CHEMISTRY AND TECHNOLOGY 


ness on prolonged heating. Tetrachloroethane was used extensively for all 
cured elastomers except Neoprene-ILS and nitrile rubbers, and, despite 
traces of free hydrochloric acid which persisted on refluxing, was satisfactorily 
inert toward the rubber hydrocarbon. p-Cymene dissolved all samples except 
nitrile types, but its use with prolonged refluxing led to oxidation and serious 
gum formation, which contaminated the sample. Pyridine and nitropropane 
were ineffective for nitrile rubbers, and several high-boiling ketones precipi- 
tate gums in the sample during refluxing. 
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FIG.3- SPECTRA OF CURED ELASTOMERS 


Fic. 3.—Spectra of cured elastomers. 
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A 4-gram sample and 250 cc. of solvent were refluxed for 24 to 36 hours in an 
A.S.T.M. condenser and flask assembly or in a similar all-glass assembly, using 
a water-cooled condenser (Figure 3) designed for this purpose. A glass con- 
denser can be used interchangeably with the A.S.T.M. tin-coil condenser, and 
is preferred for chemical inertness and ease of cleaning. Complete solution 
of some of the less soluble elastomers was best accomplished by successive 
treatment with two or three 100-cc. portions of solvent. Blendorization de- 
creased the time required for solution, but was not essential, since serious 
gelling never occurred. Absence of appreciable residue after an hour of settling 
indicated complete solution of the elastomer. 

Comparatively coarse fillers, such as clays, iron oxide, etc., were separated 
by simple centrifugation. This method was ineffective for colloidal carbon 
blacks. The procedure used by Barnes*, employing dilution with n-hexane, 
was tested on a series of natural rubber and nitrile rubber samples, but was 
found to be unreliable because of selective precipitation of the elastomer. 
Filtration with adsorbents such as bentonite, fuller’s earth, alumina, and silica 
gel was also unsatisfactory. Celite analytical filter aid (Johns-Manville Co.), 
however, permitted complete removal of colloidal carbon in every case in- 
vestigated. After the polymer solution had been diluted to 300 cc. with ben- 
zene, about 50 to 100 ce. of Celite were added, and the slurry was filtered through 
a semifine paper. Filtration proceeds most rapidly if sufficient Celite is added 
so that free carbon does not clog the paper. Trial filtrations with small 
portions of the slurry readily allow a proper Celite content to be found. Quan- 
titative work with solutions of mixed elastomers showed conclusively no selec- 
tivity toward the elastomers. Variations in procedures, such as in the tem- 
perature of the solution during filtration, appeared to be of little importance as 
regards efficiency. Solution holdup in the filter aid is of no importance, but 
can be recovered nearly completely by adding hot benzene and refiltering. 

The elastomer solutions were concentrated by vacuum distillation at 100° 
to 110° C, using a water aspirator and conventional Claisen-type flask immersed 
in an oil bath. The viscous concentrate was diluted with a few cc. of benzene 
and transferred to a small container for storage; the benzene was removed 
later by evaporation at room temperature or in a vacuum oven at 60°C. 
Films for spectral examination were spread as before, and 40 minutes in a 
vacuum oven at 80°C was allowed for final solvent evaporation. Films of 
natural rubber and Thiokol were sticky but satisfactorily rigid; those of other 
elastomers were solid and nearly free of tackiness. 

Discussion.—Several satisfactory spectra were obtained for each sample 
studied, and a representative set is shown in Figure 4. Comparison with 
Figure 2 shows the spectra of a pure-gum elastomer and its vulcanizate to be 
nearly identical, except for minor differences, which are discussed below. This 
significant result was obtained consistently throughout more than fifty spectra 
of separate sample preparations, and in itself is adequate evidence of the 
validity of all spectra obtained. In addition, almost perfect spectral repro- 
ducibility was found for the spectra of each elastomer obtained from duplicate 
preparations in o-dichlorobenzene, and in most cases from additional prepara- 
tions in p-cymene and in tetrachloroethane. The overall method was thus 
shown to be reliable, and the spectral results obtained were shown to be nearly 
independent of the sample history, 7.e., of compounding and curing effects and 
of the method of preparation for study. 

The complete spectral identity of cured and uncured rubbers is not incon- 
sistent with current concepts of the vulcanization process, which is considered 
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Fig. 4.—Calibration for natural/GR-S analysis. 


to introduce comparatively few cross linkages in building the three-dimensional 
vulcanizate. Since the infrared spectrum of a polymer is determined almost 
entirely by the small recurring structural units and not by the gross size of the 
configuration, the net result of vulcanization, consisting mainly of changes 
which involve relatively few of the recurring polymer units, does not alter the 
rubber spectrum to any appreciable extent. Only two minor differences be- 
tween the spectra of raw elastomers and their vulcanizates (Figures 2 and 4) 
were noticed. In general, oxidation during vulcanization produces hydroxyl 
absorption near 3.0 mu and carbonyl absorption between 5.6 and 6.0 mu. 
These extra bands do not interfere, however, with any bands useful for analysis. 
A more consistent difference is the poorer definition of bands themselves and 
the increased background absorption beyond 8 mu in the spectra of most cured 
rubber. This effect has been observed in a homologous series of simple hydro- 
carbons, and is consistent with the increased molecular weight of the vulcani- 
zate. This absorption was not reproducible for different sample preparations 
and, though serious only in natural vulcanizates, it cannot be disregarded in 
quantitative work. 
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The method of study leaves little to be desired from the spectroscopist’s 
viewpoint, since isolation of the rubber hydrocarbon assures valid results. 
The method applies to all elastomers investigated and to blends of these elas- 
tomers, and a single procedure remarkably free of exacting techniques may be 
used. Routine application requires about 6 man-hours per sample. 


IDENTIFICATION AND QUALITATIVE ANALYSIS 


The fact that the spectra of the various elastomers, when obtained by the 
procedures described, are unique and experimentally reproducible regardless of 
the past history of the sample constitutes a sound basis for characterization of 
the elastomer content of commercial rubber products. The individual elas- 
tomers are identified by the following absorptions: 

Natural rubber and Neoprene are distinguished from all other classes by a 
broad band at 12 mu, and are differentiated from one another by the exact 
position of this band, by the 7.25 mu band in natural rubber, by the strength 
and position of the 6.0 mu band, and by the appearance of the 9 mu region. 
Butyl (GR-I) rubber is distinguished by a strong unique band at 8.13 mu and 
by a strong doublet at 7.20, 7.30 mu. Nitrile rubbers (Chemigum, Hycar, 
Perbunan) and Buna-S (GR-S) are characterized by strong bands at 10.3 and 
10.9 mu (common to butadiene polymers), and Buna-S is readily identified by 
unique bands at 6.23, 6.70, and 14.3 mu, while nitrile rubbers are identified by 
a band at 4.47 mu. Thiokol-FA and Thiokol-ST possess identical spectra, 
characterized by a unique envelope of strong bands at 8.36, 8.64, 8.98, 9.32, 
and 968 mu. Thiokol-RD possesses typical nitrile rubber bands at 4.47, 10.25, 
and 10.86 mu, but is readily set apart by a strong band at 5.86 mu and by a 
doublet at 7.25, 7.38 mu. 

Thus identification of a rubber specimen containing a single elastomer is 
always possible simply by empirical comparison of the spectrum with reference 
spectra, such as those of Figures 2 and 4. 

For mixtures of elastomers, the ease of qualitative analysis depends on the 
degree of differences existing in the spectra of the components. For example, 
less than 1 per cent of a nitrile copolymer may be identified in any mixture by 
absorption at 4.47 mu, since all other elastomers are highly transparent in this 
region. Less than 5 per cent of Thiokol-FA can be detected in any mixture by 
its characteristic bands in the region of 7.5 to 10.5 mu, since these bands, though 
not isolated, are much stronger than those of other elastomers in this region. 
Since blends of more than two components are seldom encountered in commer- 
cial products, it is generally possible to identifying any component which exists 
in 5 per cent, or greater, concentration. The limit of detection of Neoprene 
in natural rubber, however, is probably nearer 10 per cent, since great spectral 
similarity exists for these elastomers. The major component(s) is best identi- 
fied by examining a film which transmits about 10 to 20 per cent at 6.8 mu. 
Thicker films may then be examined over selected wave-length regions to es- 
tablish the presence or absence of minor components. 

Exact spectral correspondence may not always be found for some elastomers 
because of differences in component proportions and modes of addition in 
copolymers or oxidation of the sample. These differences do not hinder the 
analysis and, in addition, furnish valuable information if interpreted in terms 
of molecular structure. Thus, the relative intensity of the 4.47 mu nitrile 
absorption distinguishes between high- and low-nitrile copolymers, and emul- 
sion polymers can be differentiated from sodium polymers, since the former are 
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predominantly 1,4-addition, with absorption at 10.35 mu, while the latter are 
predominantly 1,2-addition, with absorption at 10.95 mu. 


QUANTITATIVE ANALYSIS OF NATURAL-GR-S MIXTURES 


Basis of method.—Quantitative spectral analysis of a binary mixture gen- 
erally involves: (1) selection of a spectroscopic measurement or function which 
is sensitive to the composition; (2) construction of a working curve expressing 
the relationship between the spectroscopic function and sample composition 
for a set of accurately known mixtures; and (3) subsequent analysis of samples 
by applying analogous measurements to this working curve. The working 
curve method requires the utmost in experimental reproducibility of the overall 
procedure, and the results obtained with uncured and cured elastomers show 
the methods presented to be fully adequate in this respect. The analytical 
problem relates, therefore, largely to determining the most satisfactory spectro- 
scopic function for the particular analysis. The case of natural-GR-S mixtures 
is considered here, but since similar spectral differences exist for other binary 
mixtures analogous procedures and similar results may be obtained in other 
cases. 

Comparison of the spectra of natural rubber and GR-S indicates that the 
former can be detected in the mixture by methyl absorption at 7.25 mu or by 
11.95 mu absorption due to the isoprene structure —(CH;)C=CH—, and that 
the latter can be detected by the 6.70 mu phenyl absorption or by butadiene 
absorptions at 10.35 and 10.95 mu due to 1,4- and 1,2-addition, respectively. 
The 7.25 and 6.70 mu bands appear most suitable for natural rubber and 
GR-S determinations, since both are independent of olefinic bonds which might 
be expected to change under certain conditions, e.g., with vulcanization, molecu- 
lar weight, and mode of addition. Since the styrene content of GR-S is main- 
tained as nearly constant as possible by all manufacturers, the number of 
phenyl and methyl groups present, and hence the intensities of their absorptions, 
are proportional to the GR-S and natural rubber contents, respectively, of the 
mixture. The use of the shorter wave-length bands avoids any effects due to 
variable background absorption at longer wave lengths. 

The spectroscopic function to be employed generally includes the trans- 
mittance, 7’, of the sample as the experimentally measured quantity. This 
is usually expressed in terms of extinction, Z, by the equations: 


E= logio (1/T) = logio (Io/I) = KCt 


where Jo and J represent the energy transmitted by the blank and sample, 
respectively, K is a proportionality constant, C is the concentration, and ¢ is 
the sample thickness. Any measurement of C is limited in accuracy by the 
control possible over ¢ and this problem is particularly difficult in case of solid 
films. 

Since it is impractical, if not impossible, to measure or control the thickness of 
rubber films with sufficient accuracy, it is convenient to eliminate ¢ from the 
spectroscopic function. This can be done by employing the ratio of extinc- 
tions determined at different wave lengths, since only ¢ is independent of wave 
length. It would be convenient, then, to employ as the spectroscopic function 
the ratio E’-?5/E*-79 where the superscripts refer to wave length. In practice, 
however, this ratio can be determined accurately only for mixtures which con- 
tain appreciable constructions of both components, for only under these condi- 
tions is it possible to spread a film of given thickness which yields transmittance 
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values in the accurately measurable range of 20 to 65 per cent at each wave 
length. This difficulty may be resolved by selecting, as an internal standard, a 
third band common to both components and of such intensity that the trans- 
mittance, both at the internal standard wave length and at the analytical wave 
length of the minor component, always falls within the accurately measurable 
range. For this purpose the common band of medium strength at 7.60 mu is 
especially well suited, since it occurs in both natural rubber and GR-S at so 
nearly the same intensity as to be almost independent of the composition of the 
blend. The extinction ratios E*-7°/E7-© and H7-25/EH7-® thus may be used as 
functions only of composition to determine GR-S and natural rubber, respec- 
tively, and together enable analysis of all mixtures from 0 to 100 per cent. 
Both ratios are linear with composition over the useful range (see Figure 5). 
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FIG. 5 — CALIBRATION FOR NITRILE DETERMINATION 


Fic. 5.—Calibration for nitrile determination. 


Analytical procedure.—The following method is presented for the routine 
analysis of finished rubber articles composed of natural rubber and GR-S. 
The procedures are in no way exacting, and the time requirement is about 6 
man-hours per sample. 

Preparation of sample.-—A 4-gram sample, which has been milled to pass 
a No. 20 screen, is extracted for 24 hours with two 80-cc. portions of a 32-68 
blend of acetone-chloroform. The extracted sample is completely dissolved 
in 250 ce. of distilled o-dichlorobenzene by refluxing for 24 hours, and the solu- 
tion is diluted to 300 cc. with benzene. Carbon blacks are removed by Celite 
filtration, and mineral fillers, if present, by centrifugation. A thick mucilage 
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for film spreading is obtained by vacuum distillation of the solvent, and films 
are spread on sodium chloride or potassium bromide plates. If the sample is 
fairly viscous, the films can be checked for thickness immediately (since o-di- 
chlorobenzene is transparent at this wave length) by measurement at 7.60 mu 
where the transmittance should be between 40 and 60 per cent. After adjust- 
ment to an appropriate thickness, the film is dried 40 minutes in a vacuum 
oven at 80° C, or for 4 hours at room temperature before analytical measure- 
ments are made. Films of decided irregularity must not be used. 

Measurements and calculations.—Percentage transmittance of each film 
is measured at 7.60, 7.25, and 6.70 mu. Care must be taken to measure at 
the center of the bands. Duplicate films and measurements are recom- 
mended for accuracy, and transmittance values outside the range 20 to 65 
per cent are not used. The extinction ratio E7:*5/E7- or E%.7°/E7-® (or both) 
is obtained, depending on the suitability of the measurements, and plotted 
against composition for a series of standard mixtures. Subsequent samples are 
analyzed by the converse procedure of applying the measured ratios to the 
appropriate working curve. 

Experimental results—Work with standard blends—The analytical method 
was tested by applying it to eleven standard samples of accurately known 
composition. These were made by curing appropriate mixtures (see Table I) 


TABLE I 


ANALYsIsS OF STANDARD NaTuRAL-GR-S BLENDS 


Natural 
rubber GR-S 
Sample analysis¢ analysis¢ 
Blend No. (per cent) (per cent) 
F-620 (100% GR-S) 1 00.0 . 
2 00.0 ‘ 
1 (90% GR-S) (10% natural rubber) 1 10.5 e 
2 9.5 . 
3a 10.5 e 
3b 10.5 e 
3c 10.7 ¢ 
3d 10.7 . 
2 (80% GR-S) (20% natural rubber) : oy e 
1.5 ¢ 
3a 19.0 ‘ 
3b 19.5 e 
3c 19.0 e 
3d 20.5 , 
3 (70% GR-S) (30% natural rubber) 4 31.0 _ 
_- 9, 
3a 29.0 71.5 
3b 31.5 73.0 
3c 30.5 —_ 
3d 31.7 69.0 
4 (60% GR-S) (40% natural rubber) 1 — 60.0 
2 = 60.0 
3a 40.0 — 
3b -~ 63.0 
3c 40.5 61.0 
3d -— 59.0 


@ Numbers refer to sample preparation ; letters indicate several films measured. 
¢ Using curve 2 of Figure 4. 

@ Using curve 1 of Figure 4. 

¢ Extinction ratio (though measurable) beyond linear range of working curve. 
— Absorption too great for accurate measurement. 

/ Preparations 1 and 2 of blend 7 ruined before preparation of the film. 
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TaBLeE I—Continued 


Natural 
rubber GR-S 
Sample* analysis¢ analysis’ 
Blend No. (per cent) (per cent) 

5 (50% GR-S) (50% natural rubber) 1 — 47.5 
2 oo 48.5 

3a -= 48.0 

3b = 52.0 

3c 45.0 50.0 

3d 48.0 52.0 

3e -— 50.5 

6 (40% GR-S) (60% natural rubber) 1 — 40.0 
2 — 40.0 

3a -- 41.0 

3b — 40.5 

3c ~- 40.5 

3d a= 39.5 

7 (30% GR-S) (70% natural rubber) 3a 31.0 
3b — 32.5 

3c — 30.0 

3d ~- 31.0 

4a — 33.0 

4b a 32.0 

8 (20% GR-S) (80% natural rubber) 1 as 18.0 
2 = 18.5 

3a — 21.0 

3b -— 215 

3c — 18.2 

3d -- 19.5 

9 (10% GR-S) (90% natural rubber) 1 —- 09.5 
2 — 10.5 

3a -— 08.5 

3b — 10.0 

3c -- 08.5 

3d —- 09.5 

3e — 08.0 

F-10 (100% natural rubber) 1 — 00.5 
2 --- 02.0 


of two master batches of natural and GR-S, compounded with 30 per cent of 
carbon black. Samples were prepared in triplicate, and several films of each 
preparation were studied. The analytical results, presented in Table I, were 
obtained by plotting the measured extinction ratios against the known com- 
position of each sample, and applying the corresponding values to the working 
curve (Figure 5) drawn through the average value of each group of points. 
For each blend the several analyses differ from the average only rarely by more 
than 2 per cent and the average deviation for the 58 results is 1 per cent. The 
reproducibility of the analytical values for the three separate preparations of 
each sample is equal to that obtained for duplicate films of any one preparation. 
This proves conclusively on the one hand the adequacy of the preparation 
method and shows on the other hand the importance of the quality of the films. 

Some films were perfectly smooth, others were somewhat uneven, and this 
probably accounts for what little variation was obtained. For evaluation of 
the ratio method of eliminating the effect of film thickness a number of films 
of greatly different thicknesses were purposely studied, although fairly close 
control of thickness was easily possible. Despite threefold differences in the 
7.60 mu extinction, the analytical results proved without exception to be inde- 
pendent of this factor. Finally, the reproducibility is the same for all concen- 
trations on the linear portion of the working curve. In view of the facts that 
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these results include all data obtained in development of the method, and that 
no exceptional degree of regulation was used in any steps of the analysis, it is 
considered that a quantitative accuracy expressed ‘by an average deviation of 
1 per cent is generally obtainable in application of the method to mixtures of 
high-quality natural rubber-GR-S stocks. 

Analysis of mixtures containing reclaim.—The analyses of the standard 
samples described above were carried out under favorably chosen conditions so 
that limitations pertaining solely to the experimental procedure could be es- 
tablished. The general usefulness of the method depends, however, on the 
consistency of the analytical results when stocks of different origin are encount- 
ered. Although different stocks exhibit the same general spectral features, 
slight quantitative differences in polymer structure may produce corresponding 
differences in band intensities which affect the analytical results. 

To determine the maximum effect which would be encountered, attention 
was directed toward natural rubber-GR-S blends containing a natural-rubber 
reclaim stock. A different GR-S stock was not studied, since little variation 
in GR-S would be expected. Six blends containing reclaim, made by curing 
appropriate mixtures of natural rubber, GR-S, and a tube reclaim, were ex- 


TaBLeE II 
ANALYSIS OF RECLAIM-CONTAINING MIXTURES 
Natural 
rubber GR-S 
Sample analysis¢ analysis¢ 
Blend No. (per cent) (per cent) 

F-10 (100% natural rubber) “4 = 01.0 
2a -- 02.0 

2b -— a 
F-10-4 (50% natural rubber) (50% la — 02.5 
reclaim) lb ¢ 03.5 
2a — 05.0 
2b — 05.5 
F-10-1 (100% reclaim) la —- 04.0 
lb 54.0 06.0 
2a — 15.0 
2b 36.0 18.0 
3 47.0 13.0 
4 54.0 14.5 
F-10-2 (33.3% natural rubber) (33.3% la — 30.5 
reclaim) (33.3% GR-S) lb 40.0 28.5 
2a — 33.5 
2b 49.0 33.0 
‘ 3 52.0 35.5 
F-10-5 (25% natural rubber) (25% la 38.5 45.5 
reclaim) (50% GR-S) lb 38.0 46.5 
F-10-3 (50% reclaim) (50% GR-S) la 30.0 43.0 
lb 32.0 43.0 
2 32.0 47.0 
3 35.0 50.5 
F-10-6 (15% natural rubber) (15% la 26.5 69.0 
reclaim) (70% GR-S) lb 26.5 70.0 

F-620 (100% GR-S) la 01.0 e 

lb 01.5 e 

2 03.0 e 


@ Numbers refer to sample preparations; letters indicate several films measured. 
¢ Using curve 2 of Figure 4. 

¢ Using curve 1 for Figure 4. 

¢ Extinction ratios (though measurable) beyond linear range of working curve. 
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amined. Several preparations and analyses of each of these samples were made 
(see Table II), using the previous working curves (Figure V). Although no 
apparent difficulties were encountered in sample preparation, both the re- 
producibility and the correctness of the results are much inferior to the accuracy 
previously reported. The errors are roughly proportional to the reclaim con- 
tent, and far greater interference is found in the natural rubber (plus reclaim) 
determination than in the GR-S determination. 

For GR-S concentrations of 10 to 70 per cent, an accuracy of +5 per cent 
or better can be obtained by using the GR-S working curve and determining 
natural by difference. For other compositions, as much as 10 per cent error 
may be obtained. However, if it is assumed that reclaim is always used with 
at least equal quantities of natural rubber, the overall accuracy of the method 
may be put at +5 per cent for mixtures containing reclaim. The seriousness 
of interference by reclaim is minimized somewhat by the fact that the presence 
of reclaim can be recognized in important cases. In the absence of reclaim 
both natural and GR-S can be measured directly only for concentrations near 
50 per cent, and in these cases the concentrations total 100 per cent within the 
limits of error. However, when reclaim is present in sufficient quantity to 
cause serious interference, it becomes possible to determine both components 
through a much wider range, and in every case the interference is indicated by a 
corresponding deviation of total concentration from 100 per cent. 

Although the results obtained with blends containing reclaim were not 
unreasonably erroneous considering the severity of the test, an attempt to 
obtain more satisfactory results was made by employing a different choice 
of analytical wave lengths. Results based on measurements at the 11.95 mu 
absorption of natural rubber were found unreliable, and other procedures em- 
ploying the functions E!9-35/ 10-70, 10.35/40, and H1'0-95/F1.40 yielded satis- 
factory results for high-quality stocks but no improvement in results for mix- 
tures containing reclaim. The original method appears, therefore, to yield the 
best accuracy for infrared analysis of natural rubber-GR-S mixtures. 


DETERMINATION OF ACRYLONITRILE IN NITRILE COPOLYMERS 


Basis of method.—The general procedure described for the spectral analysis 
of elastomer mixtures can also be used to determine the structural units com- 
prising a given elastomer. Determination of the nitrile (nitrile and acrylo- 
nitrile are used interchangeably throughout the discussion) content of nitrile 
copolymers is considered in detail, but similar methods may readily be devel- 
oped for analogous problems, such as determination of the styrene content of 
Buna-S or the ratio of 1,2- to 1,4-addition structures in polybutadienes. 

Satisfactory procedures for sample preparation of cured and uncured 
nitrile copolymers have been presented, so only the spectroscopic function 
need be considered. The E£*:47/E%-® ratio obtained by measuring the trans- 
mittance at the 4.47 mu nitrile band (due to the C=N valence vibration) and 
at the 3.50 mu C—H absorption, is a satisfactory function and can be determined 
accurately for samples containing 0 to 50 per cent of nitrile, which range in- 
cludes all nitrile rubbers of industrial importance. A working curve is con- 
structed by plotting the spectroscopic function versus composition for a series 
of standard samples, and subsequent analyses are made by applying analogous 
measurements to the curve. 

If the transmittance is measured relative to a blank plate at the analytical 
wave lengths, an error due to reflection and scattering losses in the sample 
film results, and the calibration curve does not read zero at 0 per cent nitrile 
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(pure polybutadiene). Although this effect is scarcely noticeable for nitrile 
concentrations above 15 per cent, it gives appreciable positive errors at low 
nitrile concentrations. These errors may be eliminated entirely by choosing 
as “100 per cent transmittance”’ the transmittance of the sample film itself at a 
nearby wave length of maximum transmittance, 7.e., at 4.60 mu, rather than 
the transmittance of a blank plate at the analytical wave length. With this 
modification polybutadiene shows 0 per cent absorption at 4.47 mu, and valid 
results are obtained for low nitrile samples, irrespective of wide variations in 
the general transparency of the films. 

Analytical procedure. Sample preparation—For gum rubber, a 2-gram 
sample is cut into thin strips and extracted for 24 hours with two 80-cc. por- 
tions of 85 per cent ethanol. The extracted sample is allowed to soften and 
swell in 100 cc. of ethylene dichloride for 2 hours and then thoroughly mixed in 
a Waring Blendor. Excess solvent is removed by evaporation on an A.8S.T.M. 
gum bath at 70°C, but evaporation must be stopped before gelling occurs. 
For cured rubber, a 4-gram sample, which has been milled to pass a No. 20 


TaBLeE III 
ACRYLONITRILE ANALYSIS OF COMMERCIAL BuNAa-N COPOLYMERS 


Nitrile determination (%)° 
A 





Sample Set¢ 
Copolymer* and run Uncorrected Corrected 
Perbunan-10 la 07.2 08.2 
b 09.4 08.8 
Perbunan-16 la 14.0 14.8 
b 13.6 14.6 
Perbunan-18 la 19.6 — 
(20.5%) b 20.0 i 
c 19.6 — 
2a 18.6 19.0 
b 19.5 19.5 
3a 20.6 -= 
b 20.4 — 
c 20.2 18.4 
Perbunan-26 la 26.2 — 
(26.7%) b 26.4 — 
c 25.2 —- 
d 26.2 —_ 
2a 26.4 26.6 
b 27.8 27.7 
3a 25.4 a 
b 26.4 oa 
c 25.6 = 
Perbunan-35 la 34.6 — 
(33.5%) b 34.8 —~ 
c 34.4 — 
2a 37.6 34.2 
b 37.4 34.5 
3a’ 34.8 a 
b 34.4 — 
c 34.2 31.2 
> Using appropriate working curve of Fi 


ure 5. 
e Nitrile content as determined by Kjeldahl analysis given in parentheses. 
4 Numbers refer to sample preparations ; letters pa paed om films studied. Preparations 1, 2 are 
samples. 


of gum samples; preparation 3 is cured and compoun: 
¢ Gelatinous sample and correspondingly unsatisfactory films. 
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TaBLE []I]—Continued 


Nitrile determination (%)> 
A. 





Sample Set4 ; 
Copolymer and run Uncorrected Corrected 
Chemigum-N-1 30.6 
(30.8%) 30.4 
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screen, is extracted for 24 hours with two 80-cc. portions of a 32-68 blend of 
acetone-chloroform. The extracted sample is dissolved in 300 cc. of distilled 
o-dichlorobenzene under reflux, the solvent being used successively in two 
portions, and blendorization being employed if necessary. Carbon blacks are 
removed by Celite filtration, and mineral fillers by centrifugation. Vacuum 
distillation is employed for solvent removal. Films are spread on sodium 
chloride or potassium bromide plates, and the residual solvent is removed by 
evaporation at room temperature or more rapidly in a vacuum oven at 80° C. 

Spectroscopic measurements.—Percentage transmittance of each film rela- 
tive to a blank plate is measured at 4.60, 4.47, and 3.50 mu, care being taken 
to locate the maxima of the bands (except at 4.60 mu). Films of satisfactory 
thickness give about 20 to 25 per cent transmittance at 3.50 mu. The per- 
centage transmitances at 3.50 and 4.47 mu are corrected for film scattering by 
dividing by the decimal transmittance at 4.60 mu and the extinction ratio 
E4.47)/#} 8-59) is calculated, parentheses being used to denote the use of cor- 
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Fig. 6.—All-glass reflux assembly. 


rected transmittance values. This ratio is plotted versus composition for 
several known samples, and subsequent samples are analyzed by the converse 
procedure of applying the measured ratios to this curve. Films and measure- 
ments are made in duplicate as a check on accuracy. 

Experimental results —The analytical method was tested by applying it to 
over fifty samples prepared from a variety of nitrile copolymers. Preliminary 
measurements were made on gum samples of Perbunan-18, Perbunan-26, and 
Perbunan-35, Chemigum-N-1, N-2, and N-3, and Hycar-OR-15 and OR-25. 
A working curve was constructed using the average values of the uncorrected 
analytical function, and the nitrile values were determined by Kjeldahl analysis 
(total nitrogen assumed to be nitrile nitrogen). All values were then applied 
to the working curve, and the results are presented as set 1 in Table III. 
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Despite neglect of the scattering correction and the use of films of widely 
different quality and thickness, the analytical results show a mean deviation 
of +1 per cent and a maximum error only rarely twice this value. The error 
is in no sense consistent with film thickness, and can be attributed entirely to 
differences in film quality. The overall method was then critically tested by 
using the same working curve to analyze a set of the same nitrile copolymer 
stocks which had been compounded with carbon black and cured. The 
agreement of the results (set 3, Table III) with those for gum samples is fully 


TABLE IV 
ACRYLONITRILE ANALYSIS OF SPECIAL NITRILE COPOLYMERS 


Nitrile determination (%)° 
A. 





Sample Set¢ — 
Copolymer¢ and run Uncorrected Corrected 
T la 04.8 
(0.9%) b 02.4 
2a, 00.0 

b 00.0 


S 
ra) 


2 la 04.0 
(4.2%) lb 03.6 
2a 
2b 
3 la 
(8.7%) lb 
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(14.0%) 
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+ Using appropriate working curve of Figure 5. 

¢ Nitrile content as determined by Kjeldahl analysis given in parentheses. 

4 Numbers refer to sample preparations; letters designate several films studied. Both preparations are 
of gum samples. 

¢ Gelatinous sample and correspondingly unsatisfactory films. 
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as close as the reproducibility obtained in either set for duplicate films of the 
same preparation. This severe test of the overall method shows its complete 
reliability on the one hand and the importance of obtaining high-quality films 
on the other. 

For extension of the calibration below 20 per cent nitrile, a specially pre- 
pared set of ten nitrile-copolymer gum elastomers (supplied by the Firestone 
Tire & Rubber Company) covering the range 0 to 40 per cent nitrile were 
prepared in duplicate and several films of each preparation were measured at 
3.50, 4.47, and 4.60 mu. Extinction ratios were calculated both with and with- 
out correction for scattering, and the average values for each sample were 
plotted versus nitrile values based on the manufacturer’s Kjeldahl analyses to 
obtain the working curves shown in Figure 6. Curve 1 (uncorrected ratios) 
was identical with that previously obtained for the commercial elastomers and 
established the equivalence both of the spectral results and of the chemical 
analyses for both series of samples. The analytical results obtained by apply- 
ing the ratios for each film to the proper curve of Figure 6 are presented in 
Table IV. For each curve an average deviation of +1 per cent was obtained 
for samples containing 15 per cent or more nitrile; for samples of less than 15 
per cent nitrile, no decrease in accuracy resulted when the corrected ratio was 
used (curve 2), whereas the uncorrected ratio gave considerable error. The 
errors were independent of film thickness and are attributable entirely to 
differences in the quality of the films. Some films obtained from gelatinous 
preparations were of such low transparency that scattering losses contributed 
half of the measured “‘absorption’’. Even with such inferior films, the use of 
the scattering correction gave results within about 2 per cent of the correct 
value. 

In view of the superior reliability of the corrected function, the analysis 
of both the cured and uncured samples of the eight commercial nitrile rubbers 
was repeated, using both corrected and uncorrected measurements. The 
accuracy of the results (set 2, Table III) corresponds to +1 per cent average 
error for either function, except for Perbunan-35, where extreme gelation 
caused large errors in the results, without scattering corrected function. Since 
normally only the corrected functions would be employed in analysis, it ap- 
pears established that an average deviation of +1 per cent is readily obtainable 
when this method is used, to determine the nitrile content of either raw or 
cured nitrile copolymers. 


SPECTRAL-STRUCTURAL RELATIONSHIPS 


It remains impossible to assign many of the bands in the spectra of poly- 
atomic molecules to exact molecular vibrations. However, certain functional 
groups in the molecule frequently control certain vibrations, and thus it is 
possible in many cases to correlate spectral absorption with molecular struc- 
ture. In the case of rubber spectra, these relationships are incomplete and are 
mostly empirical, but because of their importance in connection with analytical 
work, as well as in the general elucidation of molecular structure, some of the 
correlations which have been found useful in this investigation are summarized 
here. 

Bands due to C—H vibrations are found in the spectra of all hydrocarbon- 
type elastomers, and these may be considered collectively before passing on to 
those which characterize the various elastomers. The bands in the neighbor- 
hood of 3.4 mu are due chiefly to C—H valency (stretch) vibrations, while 
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those at 7 mu are due to C—H deformation (bending) vibrations. The study 
of a large number of hydrocarbons has shown that —CHs, methyl, groups ab- 
sorb at 3.37 mu and at 7.25 mu while >CH», methylene, groups absorb at 
3.42 mu, and that both methyl and methylene groups absorb at 3.5 mu and in 
the 6.81 to 6.98 mu region. Greater spectral resolution has shown that the 
absorption in the 3.4 mu region is complex® and the presence of additional 
unresolved bands determines the exact contour of the bands obtained here and 
confuses the assignment. However, the correlations obtained under moderate 
resolution agree with the frequencies assigned to the stronger C—H bands by 
Fox and Martin® and are useful in identifying the various types of C—H bands 
when they are present in significant proportions and in not too great variety. 
These bands in Figures 2 and 4 are too strong to show the resolvable structure, 
but results obtained with thinner films were consistent with expected absorp- 
tions for all of the elastomers, except for a minor difference in the case of Butyl, 
where a band at 3.50 mu was expected but not found. Two additional bands 
at 3.67 and 2.32 mu are found in the spectra of most elastomers, as well as in the 
spectra of most hydrocarbons, and are due to combinations or harmonics of 
other C—H frequencies. 

Natural (Hevea) rubber ome of long chainlike molecules composed of the 
recurring isoprene unit, I, and all the strong bands in the spectrum are con- 
sistent with this structure. 


oa 
—CH,—C=CH—CH; (I) 
Wave length (Mu) Absorbing structure 

3.37 —CH; 

3.42 >CH, 

3.50 —CH:;, >CH: 

6.00 C=C (valency vibration) 
6.90 —CH:;, >CH: 

7.25 —CH; 

CH; 

11.95 _b—cH— 


Sheppard and Sutherland* suggest that weak absorption around 3 mu is 
composed of a band at 3.1 which is to be distinguished from hydroxyl (oxida- 
tion) absorption at 3.0 mu. Increased resolution obtained here has located this 
band at 3.05 mu, while the oxidation impurity absorption (which always ap- 
pears stronger in vulcanized and reclaimed samples) appears to be nearer 
2.9mu. The 3.05 mu band has previously been assigned* either to a combina- 
tion frequency or to the fundamental of the hydrogen vibration relative to a 
tertiary carbon, but it is undoubtedly due to an impurity absorption, since it 
does not appear in the spectra of deproteinized samples'®. The same authors 
also report a new band at 4.98 mu which has not been confirmed here. This 
band was found for only one sample, and apparently originates in an impurity. 
However, most hydrocarbons absorb weakly in this region and under proper 
conditions, t.e., using a thick film, a band at 4.93 mu would be expected in the 
spectrum of natural rubber. All other bands reported by Sheppard and 
Sutherland were also found in this investigation. 

Weak bands in the region of 5.8 mu are due to C=O carbonyl oxygen re- 
sulting from oxidation, and, as for the 2.9 mu hydroxyl absorption, these 
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impurity bands are stronger in vulcanizates than in raw rubbers. The 6 mu 
olefinic absorption varies with structure, terminal linkages (vinyl groups) 
absorbing at 6.10 mu, internal double bonds absorbing at slightly shorter wave 
lengths and in general at much less intensity, and double bonds at branching 
centers usually absorbing at slightly different wave lengths than the corre- 
sponding unbranched structures. The olefinic absorption for the normal rub- 
ber skeleton absorbs at exactly 6.00 mu, and the weaker absorption at ap- 
proximately 6.1 mu probably results from olefinic groups modified by removal 
from methyl branching centers or by proximity to the end of the polymer chain. 
Absorption around 6.5 mu found by Barnes", but not by Sheppard and Suther- 
land’, was not consistent in the various samples and must be due to an im- 
purity. 

For natural rubber, as for the other elastomers, the bands beyond 7.5 mu 
are generally characteristic of larger molecular groupings, so that correlations 
which have been found for liquid hydrocarbons are not necessarily applicable 
to rubber spectra, since considerable variation in position and intensity of 
absorption occurs with change of state. However, the strong band at 11.95 
mu has been assigned by Thompson and Torkington* to type RiR2C=CHR; 
structures and this corresponds to structure I for natural rubber, provided 
that R: or Re is methyl. Since the bands which characterize other olefinic 
structures such as those in IV and V (see below) are absent all double bonds in 
natural rubber apparently occur at branching position. The question of cis- 
trans-isomerism about the double bond” is being considered, but must be de- 
ferred for the present. 

Butyl rubber (GR-I) designates a class of elastomers prepared by low-tem- 
perature copolymerization of isobutylene with a very small percentage of a 
diolefin, e.g., isoprene. The elastomer chains undoubtedly consist chiefly of 
head-to-tail polyisobutylene units, II, separated occasionally by a 1,4-addition 
isoprene unit, I. The small olefin content (about 0.6 mole-per cent) contributes 
the necessary property of vulcanizability, but does not contribute significantly 
to the absorption, so that the spectrum of GR-I corresponds to that of pure 
head-to-tail polyisobutylene?, and all the strong bands correlate entirely with 
structure II. 


CH CH 
—C—CHr-O—CH— 
CH; CH; 


Wave length (mu) Absorbing structure 
—CH:;, >CH: 
—CH;, >CH: | 
—CH; (deformation vibration; two methyls 
on same carbon atom) 


| 
C—C—C (internal quaternary carbon atom) 
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In some cases the 3.4 mu absorption was resolved into methyl and methylene 
bands at 3.38 and 3.44 mu, but the bands are diffuse and difficult to resolve. 
A band ordinarily found at 3.50 mu is missing, which indicates that the absorp- 
tion in this region probably consists of several unresolved bands. Interpreta- 
tion of the bands at 8.56, 10.52, and 10.82 is uncertain, but their origin cer- 
tainly lies in distortion vibrations of the carbon skeleton?. A quaternary carbon 
atom does not seem to be fundamentally related to these bands; however, 
1,1,6-triisobutylhexane, 1,1,2-triisobutylethane, 1,1-diisobutyltridecane, and 
isobutylbenzene all absorb at 8.55, 10.55, and 10.85 mu (but not at 8.0 to 8.3 
mu), whereas isopropylbenzene absorbs only at 10.85 mu. 

Neoprene is a trade-name which designates a variety of elastomers formed 
by polymerization of chloroprene which are composed of the recurring struc- 
ture III, which differs from I only in that the methyl has been replaced by 
chlorine. Accordingly, the spectrum of Neoprene agrees with that of natural 
rubber if allowance is made for the expected effects of chlorine substitution. 


4 
—CH.—C=CH—CH:— 


Wave length (mu) Absorbing structure 


>CH:, 
>CH.2 


>CH, 


Cl 
| 


12.10 —O=CH— 


An unresolved band at 3.30 mu is probably due to a fundamental vibration 
of hydrogen relative to a tertiary carbon’, and the 3.38 mu methyl band is 
absent. Oxidation impurity bands at 2.90 mu and from 5.5 to 6.0 mu are 
generally present, especially in cured samples. The 6.02 mu band with a 
shoulder at 6.12 mu is analogous to a similar band in the spectrum of natural 
rubber, and is correlated with the olefinic structure, although Sears! suggests 
that a harmonic of the 12.10 mu band may contribute here too. The 6.90 mu 
band is the usual C—H deformation and the 6.98 mu band has a similar origin, 
the shift resulting from chlorine substitution? on adjacent carbon atoms. 
Other reproducible bands are found at 7.42, 7.66, 8.16, 8.94, 9.20, and 10.00 mu, 
that at 8.94 being one of the most distinctive features of the Neoprene spectrum 
(for analytical purposes). Sears suggests that the weak absorption at 12.85 
mu may be due to C—Cl absorption. There seem to be no strong bands be- 
tween 13 and 20 mu where C—Cl vibrations might be expected. 

Neoprene-ILS is a polychloroprene which contains a small proportion of 
acrylonitrile. Except for the nitrile absorption at 4.47 mu, the spectrum of 
Neoprene-ILS is virtually identical with that of Neoprene-GN and Neoprene-E. 

Buna-S is a generic designation for the copolymers of butadiene with 
styrene, of which GR-S is the particular product resulting from the emulsion 
copolymerization of 3 parts of butadiene with 1 part of styrene. Condensation 
can occur by either 1,4- or 1,2-addition, giving, respectively, the structural 
units IV and V, both of which are shown by the infrared spectrum. 
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—CH:—CH=—CH—CH.—CH.—CH— IV 
YeoHs 
aah wale lll V 
‘. ‘sHs 
CH: 
Wave length (mu) Absorbing structure 
3.42 >CH, 
3.50 >CH, 
6.10 >C=CH; 
6.23 Phenyl, CseH;— 
6.70 Phenyl, C.H;— 
.88 
10.35 —CH=CH— (1,4-addition) 
10.97 —CH=CH,; (1,2-addition) 
13.16 Phenyl CsH;— 
14.28 Phenyl, CsH;— 


Aromatic C—H absorption, which usually appears as a band or doublet 
at 3.26 and 3.30 mu, is indicated only by a shoulder in the GR-S spectra and 
probably is unresolved owing to interference from an additional tertiary C—H 
band at 3.35 mu. The 6.10 mu band is due to terminal olefinic (vinyl) groups 
and a weaker band at 6.00 mu is characteristic of internal olefinic linkages. 
The bands from 7 to 9 mu are definitely reproducible for GR-S, but they have 
not been interpreted. Thompson and Torkington*? have shown the strong 
10.35 mu band to be associated with the structure RiCH=CH)p, and the 10.97 
(and also the weaker band at 10.15) to be associated with the structure 
RCH=CH,; of a vinyl group, all these bands arising from CH deformation 
vibrations. The relative intensities of these bands have been used at this 
laboratory and elsewhere’ to derive information concerning the relative 
amounts of 1,4- and 1,2-addition in butadiene polymers, and it is noted that 
1,4-addition (structure IV) predominates in GR-S as in other emulsion poly- 
mers. The 14.3 mu band is characteristic of all monoalkyl benzenes, and a 


—CH.—CH=CH—CH.—CH,.—CH— VI 
C 
|! 
N 
ee ee VII 
mf 
bu, = N 
Wave length (mu) Absorbing structure 
3.42 >CH: 
3.50 >CH: 
4.57 —C=N 
6.10 >C=CH: 
6.90 >CH, 
10.32 —CH—CH— (1,4-addition) 
10.86 —CH=CH, (1,2-addition) 


(vinyl group) 
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band around 13.2 mu seems to appear whenever the alkyl group differs from 
the methylene structure at the attachment carbon. 

Nitrile rubber is a generic designation for a variety of copolymers, including 
Hycar-OR, Perbunan, Chemigum, and Butaprene, formed by emulsion copoly- 
merization of butadiene with 15 to 40 per cent of acrylonitrile. Condensation 
can proceed by either 1,4- or 1,2-addition, giving, respectively, structural unit 
VI or VII. The spectrum is similar to that of the structurally analogous 
Buna-S, except that the phenyl bands are all absent and a new nitrile band due 
to the C=N valency vibration’® appears at 4.47 mu. 

Thiokol is commonly used to designate elastic resins containing sulfur, and 
formed by condensation of sodium polysulfide with ethylene dichloride or its 
derivatives. Thiokol-FA is one variety made by reaction of sodium poly- 
sulfide with dichloroethylformal to give the recurring structure VIII. 


- el in ied se VIII 
S$ § 
Wave length (mu) Absorbing structure 


3.42 >CH:z (valency) 
6.82 >CH, (deformation) 
7.08 

7.26 


S {90 9000-3 
BSSRESS 


10. 


As expected, the infrared spectrum bears no great resemblance to the 
spectra of the common hydrocarbon-type elastomers. 

Except for the S—H (thiol) frequency at 3.9 mu, which is not present here, 
very little is known about the characteristic absorption frequencies of sulfur 
compounds’, especially these concerned in structure VIII. The aliphatic ether 
oxygen groups probably account for the absorption envelope in the 8.5 to 10.5 
mu region, but the origins of the discrete maxima are not known. 

Thiokol-RD, contrary to the usual terminology, is a nonsulfur material 
formed by interpolymerization of butadiene, acrylonitrile, and an unsaturated 
ketone. The molecular units of the interpolymer can hardly be predicted 
with completeness, but the expected nitrile copolymer structures VI and VII 
as well as additional ketonic structures are evident from the spectrum. 


Wave length (mu) Absorbing structure 
3.42 >CH, — 
3.50 >CH2, —CHs 
4.47 —C=N (nitrile) 
5.86 >C=0 (carbonyl) 
6.00 >C=C < (aliphatic) 

6.84 to 6.94 >CH: and —CH; (deformation) 

oo —CH; (deformation) 
10.25 —CH=—CH— (1,4-addition) 
10.86 —CH=CH,; (1,2-addition) 


(vinyl group) 
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The band at 5.86 mu is too strong to be due to oxidation impurities, and 
must be ascribed to the presence of carbonyl oxygen structures incorporated 
into the elastomer during polymerization. 
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PROPERTIES OF EBONITE. XXXIV. INFLUENCE OF 
ORGANIC ACCELERATORS OF VULCANIZATION * 


D. G. Fisoer, R. G. Newron, R. H. Norman, anv J. R. Scorr 


RESEARCH ASSOCIATION OF British RUBBER MANUFACTURERS, CROYDON, ENGLAND 


INTRODUCTION 


One of the disadvantages of ebonite is that its production requires a long 
vulcanizing process, owing to the inherent slowness, at practicable vulcanizing 
temperatures, of the formation of the hard rubber-sulfur compound. The use 
of organic accelerators naturally suggests itself as a means of overcoming this 
difficulty, and it therefore becomes important to know how effectively they 
speed up the hard rubber reaction and whether they improve or impair the 
technically important properties of ebonite. Another point requiring investiga- 
tion is whether accelerators fundamentally alter the course of the rubber- 
sulfur reaction and the nature of the reaction product, as they appear to do in 
the formation of soft rubber. This is of more than academic interest, because 
one troublesome feature of the normal hard rubber reaction is the large evolu- 
tion of heat; if accelerators could so modify the reaction as to reduce this heat, 
they would prove very useful. 

Although almost every type of organic accelerator has been tried or recom- 
mended for use in ebonite, not much systematic quantitative work has been 
published; the principal papers are listed in the bibliography'. Published 
information shows that organic accelerators are much less active in ebonite 
than in soft rubber, that different types have not the same relative activities 
as in the latter, and that the usual metallic oxide activators are comparatively 
ineffective. It is not clear, however, whether accelerators speed up the hard 
rubber reaction, whether they enable ebonite to be formed with less than the 
normal proportion of sulfur, and whether they produce better ebonite. 

Experiments have accordingly been made to provide definite evidence on 
these points, and also to study the effects of organic accelerators and metallic 
oxide activators on (1) heat evolution during the hard rubber reaction, and the 
consequent maximum safe rates of vulcanization, and (2) the production of 
“set-cures”’. 

The importance of (1) lies in the fact that, although an accelerator may speed 
vulcanization, it does not necessarily enable the vulcanizing period to be short- 
ened. Quicker vulcanization means more rapid heat evolution and hence 
greater danger of overheating. For every mix, vulcanized as sheets of a given 
thickness, there is a critical temperature above which overheating becomes 
excessive, and a corresponding critical vulcanizing rate, which is the maximum 
rate that can safely be used. The object of the experiments was to find whether 
this rate could be increased, and hence the vulcanizing period shortened, by 
using organic accelerators. The method adopted was to vulcanize specimens 
of standard size in open steam at successively higher temperatures until a 
“blow-out’’, i.e., excessive porosity and swelling, occurred through over- 
heating. 


* Reprinted from the Journal of Rubber Research, Vol. 17, No. 10, pages 161-170, October 1948. 
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The significance of (2) arises from the observation during this investigation 
that zinc and magnesium oxides do not activate organic accelerators in the 
later reaction involved in the formation of ebonite. Nevertheless they may 
activate the early stages involved in “set-curing”’ (in moulds) articles that are 
to be given a final vulcanization in open steam. If this were the case, such 
activators would be of practical value. 


EXPERIMENTAL 


Except where otherwise indicated, a 68:32 rubber-sulfur base stock was 
used ; other ingredients (see Table 1) are expressed as parts by weight per 100 
parts of base stock. Vulcanization was carried out in moulds in either a 
platen or autoclave press, and test methods were generally as described in 
previous reports in this series?. 


ACCELERATION OF VULCANIZATION 


This part of the investigation covered accelerators of different types, the 
influence of activators (zinc and magnesium oxides) on the behavior of each 
type, and the variation of the proportion of one typical accelerator. 

Both the disappearance of free sulfur and the rise in plastic-yield tempera- 
ture with advancing vulcanization are speeded up by most of the accelerators 
examined. This is illustrated in Figures 1 and 2, showing the effects of 1.5 
parts of four different accelerators, and by the values of the acceleration factor 
(Table 1), expressed as the number of hours’ vulcanization (at 155° C) required 
for the unaccelerated mix to reach the same degree of vulcanization as is 
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TABLE 1 
ACCELERATION FACTOR 


The H64, H65, and H67 series contain, respectively, no metallic oxide, 
5 parts of zinc oxide, and 5 parts of magnesium oxide 


Accelerator (1.5 parts) H64 H65 H67 
Diphenylguanidine (DPG) 3.6 1.9 4.0 
Crotonaldehyde-aniline (Vulkacit-CT) 3.7 3.1 2.6 
Butyraldehyde-aniline (BA) 3.1 2.3 2.8 
Zinc pentamethylenedithiocarbamate (ZPD) 2.9 2.6 2.4 
Triethyltrimethylenetriamine (trimene base) 2.9 2.0 2.0 
Tetraethylthiuram disulfide (TET) 2.8 2.3 2.3 
Mercaptobenzothiazole (MBT) 2.4 rT 1.9 
Hexamethylenetetramine (HMT) 1.3 1.7 . 
Lead dimethyldithiocarbamate (LDC) 1.3 1.5 ° 


* Did not vulcanize to the ebonite stage in 1 hour at 155° C. 
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reached by the accelerated mix after 1 hour. These values are calculated 
from free sulfur data; similar values are indicated by the plastic yield tem- 
peratures. 

Estimates of the relative activities of the different accelerators from the 
free sulfur and yield temperature data, respectively, agree well with one another, 
and, in a general way, with published data and statements. They show that 
DPG is generally the most active, followed by BA and Vulkacit CT, then ZPD 
and Trimene Base, with MBT still lower, and HMT and LDC at the bottom 
of the list, being almost ineffective except perhaps in presence of zine oxide. 

Comparison with data for soft rubber provides definite confirmation of two 
generally accepted points: (1) that organic accelerators are less active in form- 
ing hard rubber than soft rubber; for ebonite the highest acceleration factor 
(in presence of zinc oxide as activator) is about 3, whereas for soft rubber 
the highest value among the accelerators listed in Table 1 is about 60 (ZPD); 
(2) the relative activities are not the same in the two cases, although there 
are certain similarities; the approximate orders, for mixes containing zinc 
oxide, are: 


Ebonite Soft rubber 
quickest Vulkacit-CT ZPD 

ZPD TET 

BA BA 

TET MBT 

Trimene base Vulkacit-CT 

DPG Trimene base 

MBT DPG 
slowest HMT HMT 


(LDC is omitted because in soft rubber it needs litharge for activation.) 


The effect of varying the proportion of accelerator was studied with DPG. 
The test data, particularly for plastic yield temperature, showed that the best 
results are obtained with about 2.5 parts or rather more: 


Parts DPG 1 2.5 5 10 
Yield temperature (° C) after vulcanization at 

141° C for: 2 hours 26 55.5 54 46 

3 hours 55 75 69.5 60 

4 hours 73 83.5 15 68 


Presumably the softening effect of resinous decomposition products of the 
excess accelerator explains the fall in yield temperature with the larger pro- 
portions. 

It is often stated that organic accelerators are effective only in the early 
soft rubber stage of vulcanization, and do not promote the hard rubber reac- 
tion, although published data* suggest the contrary. The present investiga- 
tion shows this view to be incorrect. Curve I of Figure 3 represents the de- 
crease in free sulfur with advancing vulcanization (at 155° C) of an unacceler- 
ated mix. Curves II, III, and IV relate, respectively, to mixes with 1.0, 1.5, 
and 5.0 parts of DPG; these are plotted on the same time scale but have been 
moved horizontally so as to bring their upper ends on to Curve I. In all these 
accelerated mixes the free sulfur decreases more quickly than in the control 
mix I, and since Curves II-IV relate to compounds with vulcanization coeffi- 
cients between 35 and 47, it is clearly the hard rubber reaction that is being 
accelerated. A study of the corresponding data for yield temperature leads to 
the same conclusion. These results thus confirm definitely the indications 
given by previous investigations. 
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An important conclusion from Table 1 is that zinc and magnesium oxides 
do not enhance the activity of the accelerators, since they usually reduce the 
acceleration factor. Moreover, the effect of accelerators in raising the yield 
temperature is not enhanced by either of the oxides. The metallic oxides 
thus do not behave as true activators of the hard rubber reaction. Hence 
there would be no point in using them as activators in accelerated ebonite 
mixes, unless they speed the early (soft rubber) stage and so facilitate set- 
curing of moulded articles that are to be finally vulcanized in open steam. 

Generally the mixes with metallic oxides vuleanize rather more quickly 
than those without, but this is simply because the oxides are themselves mild 
accelerators. There are indications, also, that they exert specific effects, 
since the accelerators do not fall in the same order of activity in the three series 
of mixes in Table 1. 


CRITICAL VULCANIZING RATE 
Slabs 6 X 3 X 3 inch of the mixings shown in Table 2 were given a pre- 
liminary moulding in a platen press at 141° C for 60 minutes (blank mixing) 


or 23 minutes (accelerated mixings), this shorter period corresponding to the 
increased rate of vulcanization. The edges of the slabs were discarded and the 


TABLE 2 
ALL Mrxes ContTaAINED RuBBER 68, SuLFUR 32 


Accelerator 
(1.5 parts) Relative 
and Blow-out vulcanizing Critical 
’ activator temperature rate at fixed vulcanizing 
Series (5 parts) (°C) temperature rate 
I nil 156 (1.0) (1.0) 
ZPD 147 2.9 1.35 
TET 147 2.8 1.3 
ZDC 147 2.6-3.4* 1.2-1.6 
II nil 150 (1.0) (1.0) 
DPG 139 3.7 1.45 
DPG + ZnO 140 2.6 1.1 
DPG + MgO 140 4.5 1.9 
BA 143 3.1 1.7 
BA + ZnO 139 3.1 1.2 
BA + MgO 146 3.6 2.5 


i a was not included in Section II, 1; the figures quoted are deduced from work by Davies® and 
Morley®. 
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central portions cut into 1-inch squares, which were then embedded in French 
chalk and vulcanized at various temperatures in open steam. The range of 
temperatures was adjusted for each mixing so as to cover the region where 
blow-out first occurred ; the blow-out temperature for samples of these dimen- 
sions could thus be found. (These temperatures are not valid for specimens of 
other dimensions, since the exothermic temperature rise in, for instance, a 
sheet is very dependent on the thickness‘. 

In practice an article would never be vulcanized at its blow-out temperature, 
but it can be assumed that the critical temperature (at which the exothermic 
temperature rise remains below a predetermined safe limit) always lies at 
about the same temperature interval below the blow-out temperature. Con- 
sequently, differences in critical temperature are the same as differences in 
blow-out temperature. The critical temperatures alone, however, do not give 
the required information, and must be translated into the corresponding rates 
of vulcanization at these temperatures. This critical vulcanizing rate, rela- 
tive to the blank mix as unity, has been calculated for each mix from (1) its 
rate of cure at a fixed temperature, relative to the blank (as shown by the 
experiments already described) and (2) the difference between this fixed tem- 
perature and the blow-out temperature, using a factorial temperature coefficient 
of 2.35 per 10° C; results are given in Table 2. 

Series II was made at a different time from series I, and the blank mixing 
in the former gives a lower blow-out temperature. Since the other mixings in 
each series were based on the master-batches from which their respective 
blanks were drawn, the critical vulcanizing rates have been calculated relative 
to the respective blanks. Since differences of this magnitude can arise in the 
blow-out (and hence critical) temperatures of supposedly identical mixings, 
the results must be accepted with some reserve as giving only approximate 
critical vulcanizing rates. 

All the accelerators improved somewhat the critical vulcanizing rate. 
Hence some reduction in the vulcanizing period can be obtained, in spite of the 
lower temperature necessitated by the speeding of the reaction and consequent 
greater danger of blow-out. The lower temperature also permits saving in 
fuel. BA is in this respect the most efficient accelerator examined, while 
DPG, ZPD, and TET do not differ greatly from one another. In both BA 
and DPG mixings, the use of magnesium oxide further increases the critical 
vulcanizing rate, but zinc oxide practically destroys the improvement effected 
by the accelerator alone. 

It would be premature to attempt any explanation of how accelerators and 
metallic oxides alter the critical vulcanizing rate. The fact that such altera- 
tions are possible, however, is not surprising because an accelerator that acts 
only during the nonexothermie (initial and final) stages of the rubber-sulfur 
reaction would give quicker vulcanization without increased risk of overheating. 
This example may be a hypothetical or unattainable ideal, but accelerators 
may exist having at least a tendency in this direction. It indicates, more- 
over, a possible means of further improvement by developing special accelera- 
tors and(or) activators. 


ACTIVATION OF SET-CURES 


Two series of mixings were made, each comprising a blank and mixings 
containing (1) zine oxide 5 parts, (2) magnesium oxide 5 parts, (3) accelerator 
1.5 parts, (4) accelerator plus zine oxide, (5) accelerator plus magnesium oxide. 
The accelerator in the first series was DPG, and in the second series BA. 








-604 RUBBER CHEMISTRY AND TECHNOLOGY 


Slabs 6 X 6 X 0.1 inch of each mixing were vulcanized for the following 
periods, no previous moulding being given: 15 and 30 minutes at 141°C 
(equivalent to 5 and 10 minutes, respectively, at 155° C) and 20, 30, 45, 70, 
100, and 150 minutes at 155° C. These periods were chosen so as to cover the 
initial stages of vulcanization. 

The British Standard (B.S.) hardness number’ of each vulcanizate was 
measured, and also in a few cases the shear modulus and specific gravity (shear 
modulus was obtained by a torsion method). An attempt was made to follow 
the course of vulcanization by each of these properties. Specific gravity did 
not give any reliable conclusions, owing to the changes being so small. The 
shear modulus results led to the same conclusions as the hardness results, and 
as the latter were more complete and accurate, discussion will be confined to 
them. These results may be studied in two ways: (1) as relative rates of 
vulcanization at the same temperature; and (2) as relative rates of vulcaniza- 
tion at the critical temperatures (as defined above) for }-inch thick specimens 
in open steam. To obtain (2) necessitates the following assumptions: (1) the 
factorial temperature coefficient of the reaction is 2.35 per 10° C, (2) the rela- 
tive rates of the reaction in the different mixes are not altered by altering the 
thickness from 0.1 to } inch. The second assumption is approximately true, 
since by definition the critical temperature corresponds to only a small exo- 
thermic temperature rise, and is most nearly true for the surface of the vul- 
canized sheet, where hardness was measured. 

No figures are available for the critical temperature of the mixings contain- 
ing zine oxide or magnesium oxide alone, so only the relative rates of vulcaniza- 
tion at the same temperature can be studied in these two cases. 

Figures 5 and 6 show B.S. hardness number plotted against (1) period of 
vulcanization at 155° C, (2) relative period of vulcanization at the respective 
critical temperatures for }-inch thick specimens. 

In the absence of an organic accelerator, zinc oxide has a slight and mag- 
nesium oxide a marked accelerating effect (Figure 5; compare zinc oxide and 
magnesia mixings with the blank). 

Adding zine oxide to a mixing containing an organic accelerator quickens 
the early stages of vulcanization, but subsequently it causes little improve- 
ment in the BA mxing, and, indeed, retards vulcanization in the DPG mixing 
when the B.S. hardness number is below 63 (compare DPG and DPG/zinc 
oxide curves in Figure 5). The initial improvement is thus of little if any 
value for set-curing, which is required to give a product with a hardness 
number of about 10 or less. When the mixes are compared at their critical 
vulcanizing temperatures (Figure 6) the speeds of vulcanization for the mixings 
with zinc oxide plus accelerator are less than for the corresponding mixings with 
organic accelerator alone when the hardness number is less than about 50 or 60. 

Adding magnesium oxide to the mixings containing either organic accelera- 
tor increases the speed of vulcanization (Figure 5). This improvement is still 
evident when the comparison is made at the critical vulcanizing temperatures 
(Figure 6). 

All four mixings containing an organic accelerator in addition to the metallic 
oxide vulcanize more quickly than those containing the corresponding metallic 
oxide alone (Figure 5). Owing to the absence of critical temperature data for 
the latter mixings, the relative rates of vulcanization at the critical temperatures 
cannot be compared in this case. 

The quickest vulcanization at a fixed temperature is given by the mixings 
containing DPG plus magnesium oxide and BA plus magnesium oxide; the 
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next fastest are those containing (1) DPG alone, (2) BA with zine oxide. At 
the critical temperature (Figure 6) the mixing containing BA, and magnesium 
oxide is considerably faster vulcanizing than any of the others, and those con- 
taining (1) DPG and magnesium oxide and (2) BA only are the next fastest. 


PROPERTIES OF THE FULLY VULCANIZED EBONITES 


“Fully vulcanized” means taken to the stage where further vulcanization 
produces little change in properties. This is roughly 5 hours at 155° C for 
unaccelerated and 2-3 hours for accelerated mixes, or the equivalent at a lower 
temperature. The accelerators considered are those listed in Table 1, 1.5 
parts being used. 

In presence of an accelerator more of the added sulfur combines with the 
rubber than is possible in its absence. Thus, without an accelerator the free 
sulfur of a 68:32 rubber-sulfur mix seems never to fall below about 1.55 per 
cent, whereas in presence of the more active accelerators figures as low as 
(.6-0.7 per cent are found. This observation is in keeping with the view sug- 
gested by other facts, that the formation of ebonite involves a reversible reac- 
tion; the increased ultimate combined sulfur content in presence of an accel- 
erator could thus be explained by its quickening the forward reaction and so 
displacing the equilibrium. 

An important result of the increased combined sulfur is that the plastic 
yield temperature may be raised 5° C or more. This effect is generally greatest 
with the most active accelerators. On the other hand, impact strength is 
reduced by some 15 per cent on the average, as judged by unnotched specimens, 
though the effect on notched specimens is less. A reduction in impact strength 
might be expected from the inverse relation generally found between it and 
resistance to plastic yield. 

The 5 parts of metallic oxide added to study activation effects lowered the 
impact strength further, by 10-20 per cent for zine oxide and 20-30 per cent 
for magnesium oxide; this is doubtless the normal weakening effect found with 
mineral fillers. 

Permittivity and power factor, measured at 10° cycles per Second and 20° C, 
are not improved by any of the organic accelerators, indeed the power loss is 
usually somewhat increased (see Table 3). This is not surprising, since ac- 
celerators consist of, or may form by decomposition of, substances of a polar 
nature. It is not possible to trace any relation between the chemical constitu- 
tion of the accelerator and its effect on power loss, doubtless because of de- 
composition during vulcanization and, probably, the presence of impurities in 
the commercial materials. For these reasons the accelerators would not 
necessarily fall in the same order of merit in commercial mixes containing a 
variety of more or less reactive ingredients. 

Raising the test temperature to 86° C increased the permittivity and power 
factor by the amounts shown in the righthand columns of Table 3. As would 
be expected, the ebonite with the lowest yield temperature (unaccelerated mix, 
33-hour vulcanizate; yield temperature 78° C) increases most in power loss, 
but among the remaining ebonites (yield temperatures 81°-91.5° C) there is 
no significant relation between these properties. Some of the accelerators, 
however, appear to improve the electrical properties at elevated temperatures ; 
thus at 86° C the ebonite containing BA has a lower loss factor (5.05) than the 
5-hour vulcanizate of the unaccelerated mix (6.45). 

The main conclusion is that organic accelerators are generally detrimental 
to the radio-frequency properties at room temperature, though they may be 
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TABLE 3 


Mixes witout Metatuic Oxipe (H64 Series) 
All mixes contained Rubber 68, Sulfur 32 


At 20°C Increase at 86° C 
Sie r A 

Power Power 

Accelerator (1.5 parts) and Permit- factor Permit- 
vulcanization at 155° C tivity %) tivity 

Nil, 33 hours 2.79 0.85 0.21 4.4 
Nil, 5 hours 2.81 1.05 0.12 1.15 
DPG, 3 hours 1.03 0.13 0.95 
Vulkacit CT, 3 hours 1.30 0.18 1.50 
BA, 3 hours 1.07 0.13 0.65 
ZPD, 3 hours 1.11 0.15 1.00 
Trimene Base, 3 hours 1.22 0.16 1.20 
TET, 3 hours 1.50 0.20 1.45 
MBT, 3 hours 1.01 0.15 1.15 
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advantageous for hot conditions. Before an accelerator is put into use in a 
particular mix, therefore, its effect on these properties at service temperature 
should be examined in this mix. 

Measurements of electrical surface resistivity showed that this is not ad- 
versely affected by organic accelerators; there was no evidence that they either 
promote or retard deterioration in surface resistivity during exposure to light. 

Another result of the higher degree of vulcanization attained by accelerated 
ebonites is that their resistance to swelling by such liquids as benzene is im- 
proved. The improvement is shown in a reduction of the rate of absorption, 
e.g., to one-half or less by one of the more active accelerators (DPG or ZPD); 
the amount finally absorbed, however, is not appreciably altered. The re- 
duced rate of absorption would be advantageous in uses involving intermittent 
exposure to a volatile swelling liquid which could dry out during the inter- 
vening periods. 


MECHANISM OF ACCELERATION 


Addition of ati accelerator to the mix does not noticeably alter the relation- 
ship between combined sulfur content and plastic-yield temperature. This is 
illustrated in Figure 4, in which yield temperature is plotted against free sulfur 
for 68:32 rubber-sulfur mixes containing, respectively, no metallic oxide (H64), 
5 parts zine oxide (H65), and 5 parts magnesium oxide (H67), in each case with 


H64 HES H67 
AccCELERATEO ° 8068 ° 
UNACCELERATED ° * ’ 


Yreco Temperature, °C. 
o “N oe o 
° oO °o o 


1] 
fe} 








2 $ 6 


3 4 
Free Sucpnur, % 


Fig. 4. 


SR ARRON Ih OE CY ABLE 


ee 


no. 


@< WHARONESS 


~ 
CS 


— a= 


ee eee ee! 








on- 
3 is 
fur 
4), 
ith 





ACCELERATORS IN EBONITE VULCANIZATION 






——= OPC 
—— BA 







Series 
Series 











8S HMARONESS 






$0 7s 100 125 130 
TIME OF VULCANISATION aT 185°C, mins 












Fra. 5. 


reer, isnt 





ae 






—— OPC Sates 
—— BA Serres 








+ 
i@ri®se a’ 










Bs HARONESS 












4 bY 
RELATIVE TIME OF VULCANISATION AT CRITICAL TEMPERATURE 


Fia. 6. 











and without various accelerators and vulcanized for various periods. In any 
one series all the points, whether for accelerated or unaccelerated ebonites, lie 
close to a single curve. 

W The question whether accelerators make it possible to produce ebonite with 
less sulfur than is needed in their absence has not been fully studied but the 
evidence indicates that they do not. Thus, 20 parts of sulfur, with 80 parts 
' rubber, is just sufficient to produce a true ebonite, 7.e., a material hard at 
' normal temperatures, without the use of an accelerator. Addition of 10 parts 
DPG, far from producing a harder vulcanizate, had the opposite effect, the 
product being still quite flexible after 4 hours at 141° C, even though practically 
all the sulfur had then combined. The effect of longer vulcanization needs to 
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be studied, however, since there is evidence that development of ebonitelike 
characteristics may occur with little increase in combined sulfur’. 

The scanty experimental evidence from the literature supports the view 
that accelerators do not enable less sulfur to be used, although it has been 
stated that they do. 

It has been shown’ that with unaccelerated rubber-sulfur mixes reducing 
the vulcanizing temperature, with corresponding lengthening of the vulcanizing 
periods, leads to higher yield temperatures. The present investigation has 
shown that this is true of mixes containing organic accelerators. 

All the evidence therefore points to the conclusion that the action of an 
organic accelerator in the formation of ebonite is simply to increase the rate of 
the rubber-sulfur reaction, in contrast to soft rubber where the relationship 
between combined sulfur and physical properties is radically altered and the 
production of a satisfactory vulcanizate with less combined sulfur is made 
possible. This conclusion agrees with that of Glancy, Wright, and Oon", 
that organic accelerators are simply ‘‘regulators” of the rubber-sulfur reaction. 


SUMMARY 


1. An investigation was made of the influence of several organic accelera- 
tors, of the types commonly used in soft rubber, on the vulcanization of ebonite 
and the properties of the product. This includes the study of zinc and mag- 
nesium oxides as activators, and of variation in the proportion of accelerator 
used. 

2. Most of the accelerators are effective in the vulcanization of ebonite, and 
it is definitely established that they accelerate the final “hard rubber” phase 
of the rubber-sulfur reaction. The degree of acceleration, however, is much 
less than in soft rubber, and the different accelerators do not show the same 
relative efficiencies. 

3. Neither zinc oxide nor magnesium oxide functions as an accelerator 
activator in the hard-rubber reaction. 

4. The effects of accelerators and metallic oxides on the maximum safe 
rate of vulcanization, i.e., consistent with avoiding excessive exothermic 
temperature rise, have been examined. All the accelerators improved the 
maximum safe rate of vulcanization; the most effective were butyraldehyde- 
aniline and diphenylguanidine, the former being considerably the better. 
Zinc oxide reduced the maximum safe rate when added to an accelerated mixing; 
magnesium oxide caused a further improvement. Butyraldehyde-aniline plus 
magnesium oxide was thus the most effective combination for enabling the 
vulcanizing period to be reduced without risk of overheating due to the exo- 
thermic hard-rubber reaction. The fact that certain accelerators or accelerator 
metallic oxide combinations make possible quicker vulcanization without in- 
creased exothermic temperature rise suggests the possibility of developing 
special ebonite accelerators possessing this useful characteristic in an enhanced 
degree. 

5. For speedy set-curing, a mixing containing either diphenylguanidine or 
butyraldehyde-aniline with magnesium oxide appears best, particularly the 
latter, since it can be used at a higher vulcanizing temperature without exces- 
sive overheating. The activating effect of zinc oxide in the early (soft-rubber) 
stage of vulcanization is of no use in speeding up set-curing; indeed, zinc oxide 
usually delays the formation of a satisfactory set-cured product. - 

6. Accelerators do not alter the relationship between combined sulfur con- 
tent and physical properties, as they do in soft rubber; their function is simply 


SE ESN TRE il PTB a 


Risen 


ae NEB RICAN lb NSA a A Cohan 


8 sop ined: 














i 
# 
+: 





toi 
of 1 


ebo 
inc 
at 

red 
bin 


tw 
Re 
pre 
cer 


cre 


des 
the 


oil, 
the 
sul 
pal 
ari 
tio 
sis 
the 





like 


lew 
een 


ing 
ing 
has 


an 
2 of 
hip 
the 
ade 
n!! 


ra- 
ite 
ag- 
tor 


ind 
ase 
ich 
me 


tor 


afe 
nic 
the 
de- 
er, 
ng; 
lus 
the 
XO- 
tor 
in- 
ing 
‘ed 


or 
the 
es- 
er) 
ide 


yn- 
oly 











URL TRUTHS YSN toa nae aR 





INFLUENCE OF SULFUR RATIO IN EBONITE 609 


to increase the rate of the rubber-sulfur reaction, and, perhaps as a consequence 
of this, to enable more of the added sulfur to become combined. 

7. The technically important effects of accelerators on the properties of 
ebonite are: increase in resistance to plastic yield, decrease in impact strength, 
increase in resistance to swelling liquids, and increase (usually) in dielectric loss 
at normal temperatures, though the loss at elevated temperatures may be 
reduced. The first three of these effects result from the more complete com- 
bination of sulfur noted above. 
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XXXV. FURTHER EXPERIMENTS ON THE 
INFLUENCE OF SULFUR RATIO * 


J. R. Scorr 


RESEARCH ASSOCIATION OF BRITISH RUBBER MANUFACTURERS, CROYDON, ENGLAND 


INTRODUCTION 


The influence of varying the sulfur content of a rubber-sulfur ebonite be- 
tween 28 and 35 per cent has already been studied! as part of the Joint Ebonite 
Research of the Electrical Research Association and R.A.B.R.M. The 
present continuation of the research deals with a wider range, 21.5 to 50 per 
cent, with special reference to the plastic yield and oil resistance of the ebonite. 

It is generally accepted that resistance to plastic yield is improved by in- 
creasing the sulfur ratio, and there is ample evidence that this is true up to 
35 per cent. Since reduction of plastic yield is one of the improvements most 
desired, it is important to know how far it can be effected by still further raising 
the sulfur ratio. 

Oil resistance has been studied because in the electrical industry there has 
been an impression that ebonite does not resist mineral oils, e.g., transformer 
oil, at high temperatures*. The Joint Research has already shown*, however, 
that rubber-sulfur ebonites containing 25.8 per cent or more of combined 
sulfur are little affected by prolonged immersion (10 weeks) in transformer and 
paraffin oils at 100°C. The unfavorable impression among users may have 
arisen from experience of ebonites having a relatively low degree of vulcaniza- 
tion, which, as the present investigation shows, are much inferior in oil re- 
sistance, although they may possess, especially if heavily loaded with fillers, 
the high rigidity suggestive of a well vulcanized material. 


* Reprinted from the Journal of Rubber Research, Vol. 17, No. 10, pages 170-175, October 1948. 
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The relationship between degree of vulcanization and oil resistance was, 
therefore, studied to find how much combined sulfur is necessary to confer 
satisfactory resistance. These experiments were extended to the high-sulfur 
ebonites examined for plastic yield. 


II. EXPERIMENTAL 
MIXINGS AND VULCANIZATION 
The mixings examined, and vulcanizing conditions, were as follows: 


H78A H78B H78C H78D H79A H81A_ HIIGA HIIGB H116C 


Rubber 66.7 73 77 = (78.5 60 50 60 55 50 
Sulfur 33.3 27 23 2221.5 40 40 45 50 
Diphenylguanidine — — — — — 2.5 2.5 2.5 
Vulcanization 
temp. (° C) 155 = 155 155 15! 155 ‘ 148 148 148 
time (hours) 2 2 2 5 4 4 4 
3 3 6 6 6 
5 5 : 
8 8 


During the vulcanization of H81A, sulfur exuded from the edges of the 
mold, presumably because the amount present was greater than could be dis- 
solved by the rubber, and the finished ebonite contained only 45 per cent 
sulfur instead of the nominal 50 per cent. (This loss of sulfur did not occur 
when 40 parts of amorphous silica, Neosyl-C, were added to the mix, probably 
because the filler adsorbed the excess sulfur.) A smaller loss, 1.1—1.5 per cent, 
occurred with mixes H116A-C. 


TESTING METHODS AND RESULTS 


Results for the H78 series are given in Table 1. For the swelling tests, 
specimens 15 X 15 X 4.5 mm. were immersed in benzene at 25° C, petroleum 
ether (b.p. 50°-60° C, density 0.67 gram per cc. at 15° C) at 25°C, paraffin 
lamp oil (density 0.79) at 90° C, and transformer oil (density 0.87) at 100° C. 
Swelling maximum is expressed as volumes of liquid absorbed by 100 volumes 
of ebonite; in cases where the maximum was not reached, or there is doubt as to 
its value, the swelling after a definite period (shown below the name of the 
liquid) is given in brackets. Swelling times are arbitrary comparative figures, 
but correspond approximately to the period (hours) required for the swelling 
to reach half its maximum; where the swelling was very small this time could 
not be determined. 

Plastic yield temperature was determined by the R.A.B.R.M. torsion 
method‘; the slope of the temperature/yield curve was about 5-6 degrees 
(per 10° C) in all cases except the 5- and 8-hour vulcanizates of H78A (9-10 
degrees). Young’s modulus was measured at room temperature. 

Table 2 gives the results for the other mixes obtained by the same methods 
as above; swelling data relate to benzene at 25°C. A few measurements of 
impact strength were made also, and are discussed below. 


DISCUSSION 


Young’s modulus.—An interesting and unexpected result shown by Table | 
is that the modulus of the 8-hour vulcanizates is practically constant over a 
range of sulfur contents from 21.5 to 33.3 per cent. Plotting the modulus 
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TABLE 1 


Resutts ror H78 


INFLUENCE OF SULFUR RATIO IN EBONITE 





The four lines of figures for each mix relate to 2, 3, 5, and 8-hour 
vulcanizates, respectively. 


Young's 
wadelee 
(kg. per 
sq. em.) 
300 
2,500 
17,000 
24,000 


700 

3,000 
16,000 
25,000 


19,000 
22,000 


5,000 
18,000 
26,000 
23,000 


Plastic 
yield 
temp. 
(°C) 


14 
24 
39 
41 
22 


48 
56 


76 
16 


85 
87 


Ben- 
zene 


159 
128 
126 


152 
124 
117 
111 





102 
83 
89 


Swelling 
maximum 
Petro- Par- 
leum affin 
ether 35 
56 days days 
33 27 
(26) 18.5 


35 27.5 
(23) 16.5 
(16) = =12.5 


(12) 17%. 


7.5 

(5) 8.5 
(1) 8.0 
(3.2) 3(4) 
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oil Ben- 
28 days zene 
100+ <14 
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63 <13 
7.5 10 
2(2) 14 


1.5(1.5) 14 


25.5 — 
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: TABLE 2 . 
Resuurs vor H79A, H81A, anv H116 . 
Plastic yieldt d 
u Vulcan- Swelling Yield temp. (°C) Slope (degrees per 10° C i 
‘ Mix and ization maxi- Swelling =—— A —_r Aa - 
q vulcanization coefficient mum* time (i) (ii) (i) (ii) = 
H79A : 
; 5 hours 52 235 80.5 a 14 
: H81A ] 
2 hours 50.5 — - 54 98 6.1 9.3 ! 
3 hours 54 - — 60 103 7.2 7.6 i 
i 5 hours 55 47 225. 74 109 y py 7.2 i 
H116A 
i 4 hours - — 82 - 7 — : 
; 6 hours 55.5 53(62) 750 86 7+ — ; 
4 H116B ; 
q 4 hours 73.5 11 
6 hours 65 45(56) 620 76.5 >8 
H116C : 
: 4 hours — — — 64 — 20+ — i 
q 6 hours 77 38 (55) 240 64 _ 20+ — 4 
* Values in brackets are corrected for soluble substances extracted during swelling, so as to give the i 





percentage absorption by the rubber-sulfur compound. E 3 ; 
Data under (i) refer to the normal yield point and the slope of the curve immediately above it; those 
under (ii) relate to the second yield point referred to in the following text. 







against vulcanization coefficient (Figure 1) shows that, during the later stages 
of vulcanization, the modulus increased greatly for a small increase in combined 
sulfur. Prolonging the vulcanization is thus more effective than increasing 
the sulfur in producing the high rigidity characteristic of ebonite. 
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Impact strength—The 3- and 5-hour vulcanizates of H81A gave notched 
impact strengths (R.A.B.R.M. falling-weight test®) of 2.1 and 3.1 kg.-cm. per 
sq. cm., respectively, which are much the same as for ebonites of normal sulfur 
ratio, e.g., 68:32 rubber-sulfur. Similarly, a 50:50:40 rubber-sulfur-Neosyl C 
mix (3-hour vulcanization at 155° C) gave 1.2 kg.-cm. per sq. cm., about the 
same as for a 68:32:40 mix. Increasing the sulfur ratio above the normal 
thus appears not to reduce impact strength. 

Plastic yield—Figure 2 shows the temperature/yield curves for H81A and 
also for the 50:50:40 rubber-sulfur-Neosyl C mix (H81B). An interesting 
feature of these curves is the second yield-point some 30°-40° C above the 
normal one; the cause of this has not been investigated (Table 2, column (ii), 
shows this second yield temperature and the slope of the temperature/yield 
curve above it). 
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Fig. 1.—Relationship between vulcaniza- Fic. 2.—Temperature/vyield curves 
tion coefficient and Young’s modulus (H81A and B). 


(H78A-D). Each curve represents the 
effect of increasing vulcanizing period. 


The data in Table 1, the results for H81A (Table 2), and previous results‘ 
for both unaccelerated and accelerated ebonites all show that the relation 
between plastic yield temperature and vulcanization coefficient is somewhat 


similar to that shown in Figure 1 for Young’s modulus, the outstanding fea- | 


tures being: (1) prolonged vulcanization is more effective than increased sulfur 
in producing high yield temperature; and (2) for a given vulcanization coefl- 
cient the yield temperature is higher the less sulfur is in the mix. 

Figure 3, relating to well vulcanized ebonites of various rubber-sulfur ratios, 
shows the relation between percentage of sulfur and yield temperature; all 
available data from this and other investigations are included. With increasing 
sulfur the yield temperature does not increase continuously, as might have been 
expected, but shows a maximum at about 35 per cent sulfur. The use of an 
organic accelerator raises the whole curve. 

A possible explanation of the lower yield temperatures of ebonites contain- 
ing more than 35 per cent sulfur is that the large amount of residual free sulfur 
lowers the yield temperature by an action analogous to the lowering of the 
melting point of a crystalline substance by the addition of a second substance. 
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tion coefficient and swelling maximum in 


tele. 


ture of the ebonite. paraffin (H78A-D). Each curve repre- 


sents the effect of increasing vulcanizing 
period. 


This would also account, qualitatively at least, for the accelerated ebonites 
showing a higher curve, since they normally contain less free sulfur’, and for 
the fact that among ebonites of the same vulcanization coefficient the yield 
temperature is lower the higher the total (and therefore the free) sulfur content. 

Swelling maxrimum.—Table 1 shows that in benzene the swelling is always 
large, and increasing the sulfur ratio or vulcanizing period does not alter its 
order of magnitude. When plotted against vulcanization coefficient all the 
points lie very nearly on a single curve, showing that prolonging vulcanization 
is equivalent to increasing the sulfur ratio (very prolonged overvulcanization, 
however, causes swelling to increase again to a small extent®. 
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In petroleum ether the swelling is always smaller, sometimes very much so, 
und decreases more rapidly with increasing sulfur ratio or vulcanizing period. 
mixes containing 27 per cent or more of sulfur, when well vulcanized, show good 
resistance to the lower aliphatic hydrocarbons, such as petroleum ether. 

The results for paraffin broadly resemble those for petroleum ether, except 
that, with increasing vulcanization, the swelling does not decrease to such low 
values, so only the 33.3 per cent sulfur mix can be said to show satisfactory 
resistance. Transformer oil is generally similar to petroleum ether and paraffin, 
but the swelling is less than with the latter, so that mixes with 23 per cent or 
more of sulfur show satisfactory resistance. 

Petroleum ether, paraffin, and possibly transformer oil appear to differ 
from benzene in one important respect, namely, that sulfur ratio and period of 
vulcanization affect the swelling/vulcanization coefficient relationship differ- 
ently. This is evident on plotting swelling against vulcanization coefficient, 
when it is seen (e.g., in the data for paraffin oil, Figure 4) that a given increase 
in the coefficient reduces the swelling more if produced by prolonging vulcaniza- 
tion than if produced by adding more sulfur. This is analogous to the effects 
of these two factors on plastic yield temperature and Young’s modulus (see 
above), and on the swelling time in petroleum ether discussed below. 

Figure 5 shows all the available data, from Tables 1 and 2 and elsewhere, 
for the relation between the swelling maximum (benzene) of well vulcanized 
ebonites and the percentage of sulfur in the mix. The fact that the points for 
unaccelerated and accelerated ebonites lie approximately on the same curve 
confirms the previous observation’ that accelerators do not radically alter the 
relation between degree of vulcanization and swelling in benzene. 

Swelling time ——Table 1 shows that, in benzene, the swelling time increases 
with increase in either the sulfur ratio or the vulcanizing period, as observed 
previously*®. The same appears to be true of petroleum ether, though the times 
are greater, indicating slower absorption. Swelling time resembles swelling 
maximum in that increasing sulfur ratio and vulcanizing period have equiva- 
lent effects in the case of benzene, whereas with petroleum ether the vulcanizing 
period again has the greater effect. 

The results for paraffin and transformer oil are more complex, as the swell- 
ing time apparently shows a minimum at about 27 per cent sulfur, and with 
transformer oil the swelling times for the 21.5 and 23 per cent mixes decrease 
with advancing vulcanization. These features can be explained by the high 
temperature (90°-100° C) used in these tests, as follows: Among soft vulcanized 
rubbers, the swelling time (at room temperature) decreases as the degree of 
vulcanization is increased, whereas with ebonites it increases, so there must be 
a minimum at an intermediate sulfur ratio, probably between 10 and 20 per 
cent of the mix. Raising the temperature causes a given type of behavior to be 
exhibited by a vulcanizate with a higher sulfur ratio®. Hence at 90°-100° C 
the minimum swelling time should occur at a sulfur ratio above the 10-20 
per cent range; this agrees with the observation that the minimum corresponds 
to about 27 per cent sulfur. 

It follows also that, at 90°-100° C, the mixes with less sulfur (21.5 and 23 
per cent) should resemble soft rubber rather than ebonite in their swelling 
characteristics, i.e., showing a decreasing swelling time with advancing vul- 
canization. This is found with transformer oil at 100° C though not definitely 
with paraffin at 90° C. ; 

Figure 6 shows all the available data for well vulcanized ebonites. The 
swelling time, like yield temperature, passes through a maximum, in this case 
at about 39 per cent sulfur. In presence of an accelerator the times are 
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greater, 1.¢., absorption is slower, as has been observed previously and ascribed 
to the more complete combination of the sulfur with the rubber'’®. Here again, 
us with plastic yield temperature, possibly it is the free sulfur which influences 
the swelling time, owing to its being soluble in benzene and so facilitating 
penetration of the liquid into the ebonite. 


SUMMARY 


1. As the percentage of sulfur in a rubber-sulfur ebonite is progressively 
increased, the yield temperature rises to a maximum and then falls again. 
There is thus an optimum proportion of sulfur for producing a heat-resistant 
ebonite. The cause of the reversion on exceeding this optimum has not yet 
been studied; it is suggested, though without proof, that it may be due to the 
large amount of sulfur left uncombined. The swelling time (period required for 
the swelling in benzene to reach a given fraction of its maximum) likewise 
passes through a maximum at about the same sulfur ratio, and possibly for the 
same reason. 

2. During prolonged vulcanization ebonite may become much harder and 
more heat-resistant, with little increase in combined sulfur. 

3. Plastic yield temperature, hardness (as measured by Young’s modulus), 
and absorption of petroleum hydrocarbons (petroleum ether, paraffin, trans- 
former oil) are not determined solely by the combined sulfur content of the 
ebonite, but depend on how this has been attained, i.e. on the proportion of 
sulfur in the mix and the period of vulcanization. Increase of combined sulfur 
by prolonging vulcanization is more effective in producing the characteristic 
properties of ebonite (high yield temperature, hardness, resistance to petroleum 
hydrocarbons) than the same increase brought about by adding more sulfur. 

4. In attempting to improve the heat-resistance of unloaded rubber-sulfur 
ebonites it is useless to increase the proportion of sulfur beyond the maximum 
now generally used, t.e. about 35 per cent of the mix, even when an accelerator 
is used to promote its combination with the rubber. The fact that ebonite can 
be made more heat-resistant without increase of combined sulfur, suggests a 
line along which improvement may be sought. 

5. The results confirm the previous observation that well vulcanized ebonite 
is practically unaffected by oils of the petroleum (aliphatic) type, even at 90°- 
100°C. The swelling action of such liquids, however, increases rapidly when 
the degree of vulcanization of the ebonite is reduced. The proportion of 
combined sulfur needed to confer good swelling resistance varies with the 
nature of the liquid, but can be deduced from the data recorded. There 
should be no difficulty in making an ebonite to give satisfactory service, so 
far as swelling resistance is concerned, in contact with oils, provided these 
consist of aliphatic hydrocarbons. As, however, aromatic hydrocarbons, 
eg. benzene, toluene, xylene, have a strong swelling action, equally good 
resistance cannot be expected towards oils of appreciable aromatic content. 
Hydrocarbons of the cycloparaffin series (naphthenes) appear to be relatively 
innocuous’. 
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